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Abstract 

Graphene obtained by mechanical exfoliation of graphite displays unique electronic 

properties with high mobility and saturation velocity. However, this is not a scalable 

technique, the film being limited to small area. Large area synthesis of good quality 

graphene has been achieved by CVD. The choice of substrate apparently influences the 

electronic properties of graphene. Most of reports have used SiO2-Si due to the widespread 

availability, but it is a poor choice of the material to degrade the graphene performace. In 

this thesis, more ideal platforms are introduced, including single crystal diamond (SCD), 

nanodiamond (ND), and diamond-like-carbon (DLC). It was found that different 

terminations for substrates caused strong effects for graphene properties. For H-terminated 

diamond, it was found that a p-type layer with good mobility and a small bang gap, whilst 

when N/F-terminations are introduced it was found that a layer with more metallic-like 

characters arises. Furthermore, different orientations of H-terminated SCD(100)/(111) were 

found to induce different band-gap of graphene. Simulation analysis proves the difference. 

However, the mobility results of graphene-H-terminated ND herostructure are better than 

graphene supported by SCD, which offers the prospect of low cost sp
2
 on sp

3
 technology. 

Raman and XPS results reveal the influence from the C-H band of ND surface. Impedance 

measurements show two conductive paths in the graphene-HND heterostructure. Graphene 

FET was built on this heterostructure, which exhibited n-type and high mobility. The family 

of amorphous carbon films, DLC, appeal to a preferable choice of graphene supporting 

substrate since IBM built the high-frequency graphene FET on DLC. For N-termination it  

was found that the optical band gap of DLC shrinked, whilst for F-terminated DLC it was 

found that fluorine groups reduce the DLC‘s surface energy. Owing to different phonon 
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energies and surface trap densities, graphene-DLC heterostructures give different electronic 

properties and offer the prospect for 2D lateral control applications. 
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Chapter 1   

Introduction 

Graphene is attracting huge worldwide interest in its potential as an electronic material, since 

two-dimensional carrier transport with extremely high mobility values can be observed
1
.  As 

a monolayer of sp
2
 carbon, most applications of graphene will only be realised by supporting 

this material on a non-graphene substrate.  Chemical vapour deposition (CVD) of graphene 

on metal foils, most commonly copper
2,3

, enables large area graphene monolayers to be 

produced, which can then be detached from the Cu, and deposited onto a suitable insulator 

through a polymer-mediated transfer process
4
. Once monolayer graphene is supported on 

such a substrate, substrate-induced structural distortion
5
, the presence of adsorbates

6
, local 

charge disorder
7
, atomic structure at the edges

8
 and atomic scale defects and impurities

9
 

strongly influence the transport properties of the graphene.  The majority of reports 

concerning the electronic properties of CVD graphene that has been transferred in this 

manner concern the use of SiO2-Si, due to the widespread availability of this material system. 

However, graphene devices fabricated on SiO2 have been found to suffer from additional 

scattering associated with the low surface phonon energy and large trap density in SiO2, 

resulting in deterioration of the electronic properties of the graphene
10

.  Both of these 

problems could be addressed by replacing the SiO2 with diamond to produce an all-carbon 

heterostructure system.  Moreover, the high thermal conductivity of diamond could avoid the 

problems associated with Joule heating and subsequent saturation velocity saturation in the 

graphene associated with SiO2
11,12

. 

 

Wu and co-workers produced field-effect transistors (FETs) by transferring CVD grown 

graphene onto diamond-like carbon (DLC) coated Si substrates
13

.  Extremely high frequency 
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device operation was achieved, indicating good substrate-limited mobilities.  DLC is an 

amorphous mixture of sp
2
 and sp

3
 clusters, with some hydrogen content.  Yu et al

14
 used a 

fine gain crystalline diamond material, known as ultra-nanocrystalline diamond (UNCD) to 

fabrication graphene-UNCD FETs.  The UNCD allowed for considerably higher current 

carrying capacity than similarly fabricated graphene-SiO2 structures.  This positive result 

was attributed to the improved thermal properties of the UNCD-containing heterostructures.  

Indeed, similar devices fabricated from graphene-single crystal diamond (SCD) layers 

performed better but is limited by high cost of SCD. This thesis investigates the use of 

diamond and DLC with different terminations to support graphene. 

 

Chapter 2 reports the background theory of carbon, graphene and diamond. The 

experimental methods and techniques used in this thesis are explained in chapter 3. The aims 

of the projects are to invest how graphene properties are affected by different supporting 

substrate and to show another carbon material ―Diamond‖ improves graphene mobility and 

open a bandgap. Chapter 4 presents an investigation into the electronic properties of 

graphene influenced by different terminated SCD (H-, O-, N-, F-). In Chapter 5, CVD 

graphene was transferred to different terminated DLC. It was found that different terminated 

DLC change electronic properties: nitrogen terminations enable to lead to optical band gap 

shrink; fluorine banding groups have been presented to reduce DLC‘s surface energy and 

friction coefficients, which affect graphene‘s properties. Chapter 6 presents an investigation 

into cheap nanodiamond to support graphene. It was found that graphene on H-terminated 

nanodiamond has improved the mobility by 60% compared with traditional SiO2 substrate 

and even has comparable results with single crystal diamond (SCD) at room temperature. A 

top-gate FET was fabricated on graphene-ND heterostructure. Chapter 7 investigates a small 
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band gap of graphene opened on different orientation SCD with experimental and simulative 

analysis. 
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Chapter 2  

Background 

2.1 Carbon  

The carbon atom bears six electrons-two tightly bound, close to the nucleus, and the 

remaining four as valence electrons. The electronic configuration is 1s
2
, 2s

2
, 2p

2
, accordingly 

(Fig 2.1).  

This implies a bivalence, which in fact does only exist in a few structures (carbenes). In the 

vast majority of its compounds, carbon is tetravalent. The preferred tetravalence may be 

explained with the hybridization model: the energetic difference between 2s- and 2p-orbitals 

is rather low compared to the energy released in chemical bonding. It is possible for the 

wave functions of these orbitals to mix and form four equivalent hybridized orbitals
1
. Fig 

1.1b displays the hybrid orbitals and their spatial arrangement. A carbon atom forms bonds 

with one to four partners. Depending on the degree of hybridization, the compounds show 

different structural features: sp-hybridized C-atoms form linear chains, whereas sp
2
- and sp

3 

hybridizations give rise to planar structures and 3D tetrahedral networks
1
. In sp- or sp

2
-

hybridized C-atoms there are two or one p-orbitals not taking part in hybridization, which 

can form additional π-bonds.  

 

Figure 2.1 (a) Diagram of atomic orbitals and sp
3
-hybridization. (b) Hybrid orbitals of carbon

1
. 

a)                                                                                              b)



12 
 

Carbon takes the form of several allotropes, with graphite and diamond being two of the 

most well know. Graphite is characterized by a succession of distinct so-called graphene 

layers spreading over an xy-plane while stacked in a z-direction with weak van der Waals 

interactions among graphene layers. There are two different modifications, the hexagonal 

and the rhombohedral β-graphite
2
. The individual graphene layers in the hexagonal structure 

are stacked according to a sequence ABAB with the atoms of a layer B being situated above 

the centres of the hexagons in a layer A (Fig 2.2 a). In rhombohedral graphite, the layers are 

stacked in an ABCABC order (Fig 2.2 b), giving a rise to a bigger unit cell that also contains 

four carbon atoms. In diamond, etch carbon atom has four immediate neighbors situated at 

the corners of a tetrahedron. All carbon atoms are sp
3
-hybridized, and the bond length 

uniformly in 154.45 pm (Fig 2.2 c)
2
. 

 

Figure 2.2 (a) hexagonal graphite. (b) rhombohedral graphite. (c) diamond elementary cell
1
. 

 

2.2  Graphene 

2.2.1 Graphene crystal structure 

Graphene is a single sheet of carbon atoms arranged in a honeycomb structure, as shown in 

Fig 2.3(a). The carbon atom itself has the 1s
2
2s

2
2p

2 
electron configuration, where the two 1s  

a)                                           b)                                          c)



13 
 

Figure 2.3 (a) Graphene structure with σ- and π- bonds; (b) orbital energy diagram displaying 

the σ and π owing to hybridisation. 

orbital electrons form a closed shell while the other four electrons in the 2s and 2p orbitals 

are valence electrons that participate in the formation of chemical bonds. The unique 

electronic and mechanical properties of graphene arise from its crystal structure. From 

quantum mechanics we know that when atoms are in close proximity to each other, their 

respective orbital wavefunctions overlap to give us two new hybridized states owing to 

superposition. In the case of graphene and similarly other carbon materials, the hybridization 

is responsible for two types of chemical bands. 

 

The sp
2
 hybridisation between the 2s and the two 2px,y valence orbitals gives rise to the so 

called σ bond orbitals 

  
 

√ 
     

 ( )      
 ( )                                           (2.2.1) 

                                                             
 

√ 
     

 ( )      
 ( )                                          (2.2.2) 

Where the σ* state lies higher in energy and can be ignored as the electrons do not have 

enough energy to be excited into this orbital. Thus in graphene each carbon sp
2
 orbital can 

pairwise form a σ bond with the three closest neighbouring atoms. Due to Pauli principle 

each bonds is fully occupied with two electrons of opposite spin and are therefore in bands 

well below the Fermi energy. These fully occupied bonds responsible for graphene‘s robust 
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crystal structure are electrically inert owing to the large energy gap between σ and σ*. The 

question remains: why is graphene such a good conductor? 

The answer lies with the fourth valence orbital 2pz. The hybridized orbitals, called π bonds, 

are define in a similar form 

  
 

√ 
    

 ( )     
 ( )                                                (2.2.3) 

   
 

√ 
    

 ( )     
 ( )                                              (2.2.4) 

Since the 2pz orbitals are parallel to each other, their special overlap is significantly less 

compared to the sp
2 
orbitals and we can expect the π and π* states to be much closer in 

energy, as shown in the orbital diagram described in Fig 2.3(b). It is this small energy 

difference that stimulates fast electron transfer between the two π states resulting in a large 

surface conductivity. We can picture this as a cloud of π electrons above and below the 

graphene surface. 

 

The above statements have hopefully motivated the understanding of graphene‘s unique 

electronic properties in terms of the 2pz valence electrons. The next section will concentrate 

on how graphene‘s exceptional electronic properties are justified by its band structure.  

 

2.2.2 Graphene band structure  

2.2.2.1 Graphene and its reciprocal lattice 

The graphene lattice structure can be described as a triangular Bravais lattice with a basis of 

two atoms per unit cell, atom A and B as show in Fig 2.4. The lattice vectors can be taken to 

be
3
 

                                                          √ (   )        √ ( 
 

 
 
√ 

 
)                               (2.2.5) 

Where a=1.42 Å is the lattice spacing between nearest carbon atoms.  
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Figure 2.4 Graphene direct lattice showing the lattice and translation vectors 

 

From the definition of a Bravais lattice, B atoms will be placed at sites R=n1a1+n2a2, for any 

n1, n2 integer numbers, while A atoms will be placed at R= n1a1+n2a2+t, with the nearest 

neighbour translation vectors given by
3
 

                             √ (   
 

√ 
)         √ ( 

 

 
  

 

 √ 
)         √ (

 

 
  

 

 √ 
)      (2.2.6) 

For calculating the band structure of any crystal structure, we need to project the lattice in 

momentum space, which would give the reciprocal lattice
4
. In our case the reciprocal lattice 

for graphene is show in Fig 2.5, where the lattice vectors are calculated from  

                                                              
    

|     |
 

  

 
(
√ 

 
  )                                            (2.2.7) 

                                                              
    

|     |
 

  

 
(  

 

 
)                                              (2.2.8) 

As shown in Fig. 2.5, the unit cell in the reciprocal lattice, i.e. the first Brillouin zone 

contains points of high symmetry: Γ, Κ and Κ’, and the Μ points, where the Κ, Κ‘ will be of 

particular interest in the following analysis for studying graphene‘s unique electronic 

properties
5
. 
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Figure 2.5 First Brillouin zone of graphene in reciprocal space 

2.2.2.2   Graphene band structure 

Early band structure calculations, using the free electron model and perturbation theory in a 

periodic lattice, were done by expanding the lattice wavefunction in terms of plane waves
4
. 

In some cases, using a fundamentally different approach can be useful. For the case of 

electrons interacting weakly with the lattice, which perfectly describes π electrons in 

graphene, the tight-binding approximation is employed
3
. Using this method, the electron 

wavefunction for the particular band is a linear combination of atomic orbitals (LCAO) well 

localised at the positions of the atoms. Since we have two carbon atoms per unit cell we can 

write the electron wavefunction
3 

  

                                                               ( )    (    )    ( )                                   (2.2.9) 

Where ϕ(r) describes the pz orbital of the sp
2
 carbon atom centred as r and the A and B 

amplitudes describes the weights of two orbitals that need to be determined.  

 

Electron dispersion is to a large extent linear, similar with that of light. This energy 

dispersion relation is shown in Fig. 2.6(b), describing the band structure along specific lines 

within the first Brillouin zone, while Fig. 2.6(a) displays the three dimensional version. The 
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band structure is composed of a valence band, i.e. π-states, and a conduction band, i.e. π*-

states. These states are orthogonal, and the valence and conduction bands touch at the six 

K,K‘ points, the so-called Dirac point. 

 

Figure 2.6 (a) Energy dispersion for graphene band structure; (b) bandstructure along the 

points of interest in the First Brillouin zone. 

 

Interesting characteristics that can be noticed in this band picture are at the Κ and Κ’ points, 

where the degeneracy is kept, while at Μ a gap is opened. Owing to spin degeneracy we 

have two electrons per k point and therefore the lower π-band is completely filled while the 

π*-band is empty. This is the reason why graphene is referred to as the zero-gap 

semiconductor as the Fermi energy at zero temperature lies at the Κ and Κ’ points. 

 

The spinor character of the graphene wavefunction does not directly result from spin, but 

from the two atoms in the unit cell, which are defined as a pseudo-spin
5
. However, the 

allowed scattering process for the pseudo-spin is an interband transition where the direction 

of spin does not change, hence this scattering does not introduce electrical resistance. This 
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leads to the absence of backscattering processes
6-8

. Backscattering through long range 

interactions, arising from impurity and phonon scattering are forbidden and as a result 

experiments have shown graphene to have large values in electron mobility and elastic 

mean-free paths of the order of hundreds of nanometers
9
. 

 

Finally, it should be mentioned that the wavefunction near the K,K‘ points obeys the two 

dimensional Dirac equation
5
, which would suggests the π- electrons behave as relativistic 

particles with general energies given by   √         . However, given the linear 

dispersion at the Dirac points  ( )       , as shown in Fig 2.7, it can be stated that these 

π- electrons behave in fact as zero rest-mass relativistic Dirac Fermions. This has been 

proven experimentally almost 10 years ago
10

. 

 

Figure 2.7 Graphene linear energy dispersion at Dirac point 

 

2.2.3 Graphene properties and applications 

Graphene has some outstanding physical properties that make it extremely appealing for 

applications in electronic and photonic.  
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• Electronic properties 

One most useful properties of graphene is that it is a zero band gap semimetal with very high 

electrical conductivity. At the Dirac point in graphene, electron and hole are zero effective 

mass. Due to those physical properties, mobilities in excess of 100, 000cm
2
/Vs

11
, and 

saturation velocities of about 5×10
7
 cm/s

12
 have been reported. Graphene electrons act very 

much like photons in their mobility due to their lack of mass. However, the quality of 

graphene is limited the supporting substrate which leads to disorders of graphene
13

. For 

example, mobility is limited to 40,000 cm
2
/Vs with SiO2 as substrate.  

 

• Mechanical and Thermal properties 

Due to the strength of graphene‘s 0.142 Nm-long carbon bonds, graphene is the strongest 

material as the monolayer, with an ultimate tensile strength of 130 GPa
14

. In addition, owing 

to the thinness, mechanical strength, and flexibility, graphene has a very high current 

carrying capacity and high thermal conductivity (up to 5000 W/mK)
15

.  

 

• Optical properties 

Graphene has the ability to absorb a rather large 2.3% of white light, which means 97.7% 

constant transparency
16

. The transmittance linearly decreases with the number of layers of 

graphene. Owing to the low density of states near the Dirac point in graphene, a shift of the 

Fermi level due to the gate causes a significant variation of charge density, leading to a 

remarkable change in transmission
17

. Due to the picoseconds timescale of graphene‘s 

relaxation and recombination of photo-generated electron-hole pairs, an ultrafast (up to 

40GHz) and efficient photoresponse has been obserced for graphene field effect transistor, 

which achieve graphene-based high speed optoelectronic devices
18

. 

 



20 
 

• Applications 

Graphene-based FET is one of the most extensively explored applications. The first graphene 

FET was reported in 2004, which show a strong ambipolar electric field effect, but could not 

be used for the fabrication of effective FET due to the zero band gap
19

. Later top-gate 

graphene FET on different substrates were fabricated to show high RF frequency and high 

carrier carrying
20-22

. In order to improve the on-off ratio for effective transistors, graphene 

nanoribbons fabricated by chemical and lithographic methods have been studied 

theoretically and experimentally
23,24

.  

 

Graphene is expected to be one of the most potential materials for future optoelectronic 

devices, including transparent electrodes for solar cells and liquid crystal displays to replace 

ITO due to its high cost, limited supply and brittle nature of indium
25

. Graphene has 

extraordinary thermal, chemical and mechanical stability with high transparency and atomic 

layer thickness, which become the ideal candidate for transparent electrode applications. Due 

to the unique 2D structure and high mobility, graphene has been used as an electron acceptor 

in photovoltaic devices, such as a layered graphene-quantum dot hybrid
26

. The tunable 

bandgap and large optical absorptivity of graphene are appealing for the efficient light 

absorbers. 

 

Chemical and biological sensors based on graphene FET are keeping continuous interest 

because of its low noise, high sensitive, chemical stability and biocompatible nature
27,28

. The 

operational principle is based on the change of graphene electronic conductivity due to 

absorption of molecules on graphene surface. Several reports have demonstrated graphene 

sensor to NO2, NH3, DNA and dinitrotoulene
28,29

. 
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2.3  Diamond 

In diamond, all carbon atoms are sp
3
-hybridized. There are two modifications of diamond, 

the cubic and the hexagonal type, with the first one being the more abundant one
29

. The 

crystal lattice of normal diamond is face-centred cubic with eight atoms contained in the unit 

cell (Fig 2.8a)
30

. Hexagonal diamond is rare in nature, which was first discovered in a 

meteorite form Arizona in 1967. The hexagonal lattice like its cubic relative is built from 

tetrahedrons of carbon, but in a different way (Fig 2.8b)
1
. The unit cell contains four atoms. 

Another distinction of diamonds is made by their contents of nitrogen, shown in Table 2.1
29

.  

 

Figure 2.8 (a) cubic diamond. (b) hexagonal diamond. 

Bulk diamond in nature cannot be effectively engineered into research because of the high 

cost. The development of synthesis of diamond, particularly chemical vapour deposition 

(CVD), has induced to the ability to grow diamond in thin films or coatings on different of 

shapes, which leads to specific applications for diamonds particular properties.  

 

Single crystal diamond films are distinguished by a well-defined orientation of the crystal 

lattice throughout the film. In many case the (100)-plane is observed, whilst the (111)- and 

especially the (110)-face are uncommon. Polycrystalline diamond films do not consist of a 

coherent 

   a)                                                                   b)



22 
 

Table 2.1 Classification of natural diamond types (From Ref. 29) 

Type Description 

Ia Nitrogen is the dominant impurity. It contains nitrogen as platelets with an 

approximate composition of C3N. It has a yellow or brown appearance. 

98% of diamonds are into this category. 

Ib Nitrogen is distributed throughout the crystal and present as single 

substitutional atoms. These diamonds can appear deep yellow, orange, 

brown or greenish depending on the concentration and distribution for 

nitrogen atoms, which account for 0.1% of diamonds. 

IIa These diamonds have a miniscule amount of impurities present. They are 

colourless, which would be yellow, brown, pink or red. 1-2% of diamonds 

are this type. 

IIb This type of diamond contains boron as an impurity and appears blue, grey 

or near-colourless and occupy around 0.1% of diamonds. 

layer with homogeneous orientation, but of numerous small grains. Compared with single 

crystal diamond films, the polycrystalline layers contain a much larger portion of sp
2
-

hybridized carbon, which is attributed to the large number of grain boundaries and has 

considerable effect on the electronic properties of these films
31

. The average size of the 

crystal defines the polycrystalline diamond, which the grain sizes range from nanometres to 

hundreds of micrometres usually are referred to as nanocrystalline and microcrystalline 

diamond, respectively
32

. Diamond in the form discrete nano-sized grains is nanodiamond.  

 

2.3.1 Microwave-plasma CVD growth of diamond 

CVD had developed into the leading method for the preparation of thin diamond films. It is 

mainly characterized by a precipitation of carbon from the gas phase onto a substrate. 
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Applicable sources of carbon include methane, acetylene, or ethylene, which are normally 

admixed with a current of hydrogen. Plasma is generated by various forms of electrical 

discharges or induction heating. Microwave-plasma CVD has been used more extensively 

than others for the growth of diamond films and is the reactor type used in Diamond group of 

UCL. 

 

The hydrogen required for the deposition of a diamond film can be applied in the plasma 

arising from microwave irradiation at a frequency of 2.45GHz. Fig 2.9 shows a schematic 

diagram of a modern microwave-plasma CVD system. The substrate is placed towards to the 

end of a tube, where the plasma is generated. The 2.45GHz microwave is coupled from the 

rectangular waveguide into the cavity via an axial antenna. The gases are introduced at the 

top of the reactor. A blue plasma ball is generated above the substrate, whose shape, size, 

colour and stability are dependent on the plasma power, the pressure and the gas composition.  

 

Figure 2.9 MWPCVD Schematic Diagram (From Ref. 33) 

The MWPCVD has its pros and cons. An electrode-less process avoids contamination of the 

films. The plasma discharge at 2.45GHz is a higher frequency process than the radio 
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frequency (RF) discharges (13.5MHz), which produces high plasma energy to get higher 

concentration of atomic hydrogen and hydrocarbon radicals. Last, the method has spread 

widely because of commercially available in a variety of MWPCVD instrument yielding 

good results
1
. However, the inhomogeneity of the plasma has adverse effect to cause an 

uneven deposition of the diamond film on the substrates. Review of the various different 

CVD methods mentioned can be found in the book ―Carbon Nanowalls‖
34

. 

 

2.3.2 Properties and Application of diamond 

Diamond has extreme mechanical and excellent electronic properties. Diamond is the 

greatest hardness and highest thermal conductivity among all the natural materials; has big 

band gap as electrical insulator, and as semiconductor achieved by doping; is chemically 

extremely inert, which is only attacked by aggressive reagents like chromosulfuric acid
2,29

. 

Diamond surface has negative electron affinity properties where the vacuum level is 

positioned below the conduction band, which minimum eliminates the surface emission 

barrier
2
.  

 

      Optical and electronic properties and applications 

The optical properties of diamond films is not showing any absorption in the spectral range 

from about 220 to 1000nm, which make diamond be an attractive material for spectroscopic 

application like as windows or lens systems. Diamond is an ideal material for the field 

emission owing on its great hardness, favourable chemical behaviour, high breakdown field 

strength, the good heat conductivity, and the large band gap. 

 

      Mechanical properties and applications 
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Diamond has been well-known for long for its outstanding mechanical properties such as 

great hardness and low frictional coefficient. CVD diamond coatings are used on tools for 

industrial drilling tools and tips for measuring material surface. 

 

     Thermal properties and applications 

Diamond has the largest thermal conductivity even better than heat conductors such as 

silver or copper, which is applied in chapter 6. Current applications for diamond heat 

spreaders include mounting for laser diodes, laser diode arrays, and high power transistors. 

 

      Electrochemistry properties and applications 

Diamond is attractive to be used as material for electrodes. The reasons for this application 

are: firstly it is a very stable material both mechanics and chemistry, so it can be applied in 

highly aggressive media; secondly, it features favorable electrochemical properties like a 

very wide potential window and a low background current
1
. The low sp

2
-content causes an 

inert behaviour in many media. 

 

2.3.3  Nanodiamond particles: synthesis and applications 

Nanodiamond has become an important class of materials due to its excellent mechanical 

and optical properties, high surface area and the ability to functionalise the surface structure. 

The lattice structure of nanodiamond has been examined with various spectroscopic and 

crystallographic methods. Both cubic and hexagonal phases have been observed but the large 

portion of functional surface groups are on the surface
35

. Nanodiamond can be synthesised 

using a wide array of methods, such as the detonation technique, laser ablation
36

, high-

energy ball milling of high-pressure high temperature diamond microcrystals
37

, and others
38

. 
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 Detonation synthesis 

The generation of high pressure by means of a detonation in a confined container has been 

known for long. Two methods of producing nanodiamond processes exist. The first is based 

on a mixture of carbon containing material with explosives. The product consists of primary 

particles than sinter during the growth period. Different particles are obtained depending on 

the ambient conditions. The second method is solely based on an explosive or mixture of 

different blasting agents. A variety of explosives with a negative oxygen balance is available 

on an industrial scale, including TNT (2,4,6-tinitrotoluene), hexogen ( cyclo-1,3,5-

trimethylene-2,4,6-trinitrotoluene), HMX (cyclo-1,3,5,7-tetramethylene-2,4,6,8-

tetranitramine) and TATB (traminonitrobenzene)
1.25

. The surface chemistry of nanodiamond 

has been studied in considerable details by XPS and FTIR for different functional groups 

including –COOH, -O-C=O, -OH and –C-O-C, which open up the possibilities for selective 

attachment of other functional groups
39

.  

 

 Applications of nanodiamond 

Nanodiamond inherits most properties of bulk diamond and delivers them at the nanoscale. 

They can be used to provide a homogenous seeding layer applied in chapter 6. The superior 

mechanical and thermal properties of nanodiamond make it as an excellent filler material for 

composites. Moreover, the biocompatibility and chemical stability of nanodiamond is suited 

for bio medical applications with different functional groups. Nanodiamond has also shown 

to have applications in the field of drug delivery to carry a board range of therapeutics, 

dispersability in water due to big surface area
35

. 
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2.4 Diamond-like carbon (DLC) 

Diamond and graphite are stable forms of carbon with well-defined crystallographic 

structures. Crystalline diamond is composed entirely of tetrahedral coordinated sp
3
-bonded 

carbon. Diamond and diamond films are thus constituted of a well-defined material with 

fixed properties. In contrast, DLC films lack any long-range order and contain a mixture of 

sp
3
, sp

2
, and sometimes even sp

1
-coordinated carbon atoms in a disordered network. DLC is 

a metastable form of amorphous carbon or hydrogenated amorphous carbon (a-C:H) with a 

significant fraction of sp
3
 bonding

40-42
. The composition of a DLC is best shown on the 

ternary phase diagram, as shown in Fig. 2.10. The ta-C refers to tetrahedral amorphous 

carbon, a highly sp
3
 bonded a-C with up to 80 – 90% sp

3
 bonding, while ta-C:H refers to its 

hydrogenated analogue. 

 

Figure 2.10 Ternary phase diagram of C: H system
 
(From Ref.40). 

The optical band-gap of DLCs varies in the range 1 to 4 eV. It is controlled by the 

configuration of the sp
2
 sites and the size and distortion of the clusters

42
. In practice, it varies 

quite closely with the ratio of sp
2
 bonding. The widest gap is found for polymeric a-C:H. 

Recently it has been found that ta-C prepared in a properly filtered deposition system has a 

gap of 3.6 eV, larger than previously known
43

. A simple model is that the band gap varies 

because the width of these distributions increases in proportion to the sp
2
 fraction

44
. 
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2.4.1 Growth of DLC 

Since diamond-like carbon is a metastable material, DLC must be deposited while its 

surfaces are continuously bombarded with energetic ions in order to obtain diamond-like 

properties.  This prevents the formation of either fully amorphous or fully crystalline 

material
45

.  The metastable structure of DLC films most likely originates from the thermal 

and pressure spikes produced by the impinging energetic species on the growth surface
46

. A 

variety of techniques based on beam and plasma techniques have evolved for the preparation 

of DLC. Such methods include single low-energy beams of carbon ions, dual ion beams of 

carbon and argon, ion plating, rf sputtering or ion-beam sputtering from the carbon/graphite 

target, vacuum-arc discharges, or laser ablation. Details of the different deposition methods 

and of specific references can be found elsewhere
47

. While some of the mentioned methods 

are being extensively used in investigations of non-hydrogenated carbon (taC = tetrahedral 

carbon), the main techniques for depositing diamond-like carbon films are, however, based 

on plasma-enhanced chemical vapor deposition (PECVD) reactors and magnetron sputtering. 

 

PECVD deposition of DLC is generally performed in plasmas sustained by rf excitation, but 

dc discharge systems, microwave plasmas, and electron cyclotron resonance (ECR) systems 

have also been used. Of the various possible geometries, parallel-plate reactors are preferred 

because they allow the deposition of uniform films over large areas and can be scaled up 

relatively easily for coating large areas. In the rf PECVD reactors, the substrates are placed 

on the rf-powered electrode, thus attaining a negative dc self bias, which is dependent on the 

precursor gases used, deposition parameters (e.g. power, pressure), and relative area of 

electrodes
48

. In dc PECVD the plasma is sustained by applying the negative dc voltage to the 

substrate electrode. Any hydrocarbon can be used as a precursor for DLC deposition by the 

PECVD method, provided it has sufficient vapor pressure to be transported into the reactor. 
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Details on the use of specific precursors can be found elsewhere
49

. Hydrogen or argon is 

sometimes added to the hydrocarbon precursor used in the PECVD reactors; however, the 

effect of such additions to the properties of DLC is not obvious. The growth rates of the 

films may decrease with dilution of the precursor with hydrogen, and in some cases the 

addition of hydrogen can have a detrimental effect on the film properties. In other cases it 

was found that under certain plasma conditions, the addition of argon to the hydrocarbon 

precursor can improve DLC properties. 

 

The total hydrogen content critically determines film structure at the atomic level (the ratio 

between sp
3
- and sp

2
-coordinated carbon atoms), and therefore the physical properties of the 

films. Hydrogen content is also the key to obtaining a wide optical gap and high electrical 

resistivity, because it passivates the dangling bonds in the amorphous structure
50

. DLC films 

deposited from hydrocarbons must include hydrogen in concentrations from 17% to 61% in 

order to obtain diamond-like properties. The loss of hydrogen through annealing at high 

temperatures generally causes a collapse of the structure to a graphite-like phase dominated 

by sp
2
 bonds. 

 

2.4. 2 Properties and applications of DLC 

•       Optical properties 

DLC films are typically transparent in the infrared, with the exception of the CH absorbing 

bands mentioned earlier, are weakly absorbing in the visible spectrum, and are increasingly 

absorbing with decreasing wavelength in the UV. Their hydrogen content is critical in 

controlling their optical properties, and removal of hydrogen from hydrogenated DLC films 

causes the loss of IR transparency. A wide range of optical band-gap values (Eopt), spanning 

the range from 0.38 to 2.7, have been reported for DLC films prepared under similar 
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conditions, indicating the dependence of the property on the deposition system actually being 

used
51

. For otherwise similar deposition conditions, Eopt was found to decrease strongly for 

DLC films deposited above 250°C. This behaviour reflects the role of hydrogen in 

stabilizing the structure of DLC layers
51

. Films deposited at lower temperatures (in the range 

25-250°C) contain significant concentrations of hydrogen; most of the sp
3
-coordinated 

carbon atoms, as well as a substantial fraction of the sp
2
-coordinated carbons, are bound to at 

least one hydrogen atom. When the release of hydrogen is induced in these materials, they 

revert to the configuration of lowest energy, i.e. graphite. 

 

•        Electrical properties 

Owing to the range of properties of the naturally occurring forms of carbon, i.e. graphite and 

diamond, the electrical properties of diamond-like carbon films can vary from that of a 

semimetal to that of a wide-bandgap insulator. Electronic transport itself is quite complex in 

DLC as a result of its disordered structure. Diamond is characterized by high electron 

mobilities and, since it is a wide-bandgap semiconductor, diamond-based devices such as 

diodes can continue to function properly at temperatures in excess of 500°C; a wide variety 

of applications for such high-temperature electronics are being considered. In contrast, DLC 

has neither the wide energy gap nor the thermal stability to operate in such an environment. 

The electronic and optical properties of hydrogenated DLC behave to a certain extent in a 

fashion similar to those of hydrogenated amorphous silicon. 

 

Diamond-like carbon films are generally characterized by high electrical resistivities 

spanning a large range of values, from 10
2
 to 10

16
 Ωcm, depending on the deposition 

conditions
52

. Their electrical resistivity has been found to be strongly reduced by up to seven 
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orders of magnitude by incorporation of metals. Nitrogen incorporation also reduces the 

electrical resistivity of the films. 

 

Hydrogen, which stabilizes the sp
3
 bonds and determines the carbon hybridization ratio, is 

required for obtaining a high electrical resistivity. However, electrical resistivity differences 

of several orders of magnitude have been found between films having small or no 

differences in total hydrogen content. Because the electrical properties of DLC films depend 

on the carbon hybridization, which in turn is affected by C-H bonding, the electrical 

conductivity is determined by the bound and not by the total hydrogen concentration in the 

films and, for films deposited under similar conditions, the conductivity decreases with 

increasing concentration of bound hydrogen in the films. 

 

•        Chemical properties 

At room temperature, DLC films are chemically inert to practically any solvent and are not 

attacked by acids, alkalis, or organic solvents. The films are inert even to strong acid 

mixtures, such as the "acid etch" (HNO3:HF = 7:2) and to exposure to alkali solutions at 

85°C for several hours. As a result of their chemical resistance, DLC films can be used as 

corrosion-resistant coatings
48

. The films and their modifications can be removed from a 

substrate by exposure to atomic oxygen or fluorine species generated in a plasma, which 

react with the carbonaceous films to produce volatile COx and CFy species which are 

pumped out of the system
53

. Reactive ion etching in oxygen- or fluorine-containing plasmas 

can be used to pattern DLC films.  

 

•          Mechanical properties 
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DLC films are characterized by high hardness, spanning the range from 10 to 30 GPa, 

associated with high intrinsic compressive stresses in the range from 0.5 to 7 GPa. The high 

internal stresses limit the thickness of films that can be used for various applications, often to 

less than 1 µm. Adhesive forces must overcome the high stresses in order to prevent 

delamination of the film from the substrate. The stresses in DLC films are generally directly 

correlated to the fraction of sp
3
 carbon

54
. For rf PECVD films, the intrinsic stresses therefore 

depend on the combination of deposition parameters which affect the sp
3
 C hybridization. 

Because of the interdependence of the plasma parameters, stress dependency reported with 

regard to one specific parameter is valid for only a specific plasma system. Stresses have 

been found to decrease with increasing deposition pressure and to have a bias relation which 

depends on other deposition parameters. The intrinsic stresses in DLC films are also 

correlated with changes in hydrogen content obtained by changing deposition parameters. It 

was observed that films containing smaller amounts of hydrogen had higher stresses than 

DLC films containing higher amounts of hydrogen
54

. 

 

•           Tribological properties 

Wear protection is needed for surfaces in kinetic contact, in situations which generally also 

require low friction between the moving surfaces. As a result of their high hardness, DLC 

films are utilized as wear-resistant protective coatings for metals and for optical or electronic 

components
48

. The use of DLC is especially attractive in applications where the thickness of 

the protective film is limited to less than 50 nm, as for example in the case of magnetic 

recording media, where the trend toward higher-density data storage has led to the 

requirement of very low flying heights between a disk and a recording head. The coating 

must be able to protect the magnetic media against wear and corrosion but must also be thin 

enough not to impede the achievement of high recording density. 
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         Applications 

The unique properties of DLC films together with the possibility of adjusting the properties 

by choosing appropriate deposition parameters, make them suitable for a variety of 

applications. The exploited properties include high wear resistance and low friction 

coefficient, chemical inertness, infrared transparency, high electrical resistivity, and, 

potentially, low dielectric constant.  Owing to their IR transparency, DLC films can be used 

as antireflective and scratch-resistant wear-protective coatings for IR windows or lenses 

made of Ge, ZnS, or ZnSe, where they also act as an antireflective coating at the used 

wavelength of 8-13 µm
51

. Aluminum mirrors used in optical imaging deteriorate with time as 

a result of exposure to atmosphere. This deterioration can be prevented by coating the 

surface of the mirrors with DLC films. Because of their absorbance in visible light, DLC 

coatings can be applied as scratch-resistant coatings on sunglasses. The low deposition 

temperatures of DLC films allow their use as a wear-protective layer on products made of 

plastic. Currently, DLC films are used for protection against abrasion of sunglass lenses 

made of polycarbonate. 

 

The most widespread use of DLC films is in wear and corrosion protection of magnetic 

storage media. The protective coating must be resistant to wear and corrosion, but also thin 

enough so as not to impede the achievement of high recording density; DLC coatings are 

ideal for such applications. DLC is used as a corrosion- and wear-protective coating for both 

magnetic disks and magnetic heads, and is also used for corrosion protection of metal films 

during the manufacturing of magnetic heads
55

. Tapes for video recording or magnetic data 

storage, using ferromagnetic metal as a recording medium, as well as the metallic capstans in 
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contact with the tapes, are also protected with DLC coatings to reduce wear and friction, thus 

extending the life of the tapes. 

 

Diamond-like carbon films appear to be biocompatible, and applications are being developed 

for their use in biological environments
56

. One major reason for the failure of metallic 

implants in the body is their corrosion by body fluids. In vitro tests have shown that DLC 

coatings allow cells to grow without inflammatory response. Because of their chemical 

inertness and impermeability to liquids, DLC coatings could protect the implants against 

corrosion and serve as diffusion barriers. DLC films are being considered for use as coatings 

of metallic as well as polymeric (e.g. polyurethane, polycarbonate, and polyethylene) 

biocomponents in order to improve their compatibility with body tissues
56

. Their wear 

resistance is another useful property for bioapplications. Diamondlike carbon films, 

deposited on stainless steel and titanium alloys used for components of artificial heart valves, 

have been found to satisfy both mechanical and biological requirements and to be capable of 

improving the performance of these components. The same properties may make DLC films 

useful as protective coatings for joint implants. 
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Chapter 3     

Experimental Methods 

 

3.1   Introduction 

This chapter describes some of the characterization techniques employed throughout this 

report. It begins with an account of some widely utilized techniques such as atomic force 

microscopy (AFM), Raman spectroscopy, X-ray photoelectron spectroscopy (XPS), Hall 

effect measure instrument, Impedance spectroscopy, Ultraviolet-visible spectroscopy, 

Reactive-ion etching (RIE), and Focused ion beam (FIB). Then the chapter briefly goes 

through the processing steps required for fabricating the graphene-diamond, graphene-DLC 

heterostructures.   

 

3.2   Atomic force microscopy (AFM) 

AFM is a powerful technique to image any kind of surface. AFM has provided information 

on the topography of diamond layers, the roughness of diamond, nanodiamond, DLC surface 

and the thickness of nanodiamond. AFM can be used in different modes, contact mode 

where the tip is constantly adjusted to maintain a constant deflection and consequently 

constant height above the surface and non-contact mode (tapping) where the cantilever is 

vibrated at its resonant frequency and changes in this frequency due to interaction with the 

surface are measured to determine the topology
1
.  

 

Surface texture is important to understand material surfaces, which are crucial to the 

functional performance of certain engineering elements. One component of surface texture is 
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roughness, which is important for graphene supporting materials. It is quantified by vertical 

spacing of real surface with the larger the spacing, the rougher the surface. The roughness 

average, Ra, is a commonly used method to define the roughness due to its simplicity and is 

defined as,  

                                                             
aR =

1

L
Z(x) dx

0

L

ò
 
                                                 (3.2.1) 

Where Z(x) is the function that describes the surface profile analysed in terms of height (Z) 

and position (x) of the sample over the evaluation length ―L‖
2
. Ra is the arithmetic mean of 

the absolute values of the height of the surface profile Z(x). Also the root mean square 

roughness, Rq, is utilized to calculate the roughness and is similar to Ra, but takes into 

account the distinction between peaks and valleys by determining the mean squared absolute 

values roughness profile
2
, defines as, 

qR =
1

L

2

Z (x) dx
0

L

ò                                                   (3.2.2)  

For example, different termination nanodiamond samples were measured with AFM to check 

the coverage of nanodiamond, the roughness and the thickness of nanodiamond in Fig 3.1. 

 

Figure 3.1 (a) H-terminated nanodiamond 10μm AFM scan image with height range 15.8nm. (b) 

O-terminated nanodiamond 10μm AFM scan image with height range 10.2nm. (c) 3D AFM 

scan image H-terminated nanodiamond shows the thickness which proves nanodiamond is 

monolayer. 

a)                                                          b)                                                              c)
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3.3 Raman spectroscopy 

3.3.1 Raman scattering 

Raman spectroscopy is a spectroscopic technique based on the Raman effect, i.e. inelastic 

scattering of monochromatic light from a laser source. This spectroscopic technique is a 

reflective measurement, in the sense that the photons that are absorbed by the sample are re-

emitted. The Raman effect is based on molecular deformation by inducing an electric dipole 

moment. Due to these periodical deformations, molecules start vibrating with a characteristic 

frequency. If we consider a monochromatic laser light source with frequency, that excites the 

molecules into oscillating dipoles, these dipoles will emit light at three different frequencies
3
, 

as shown in Fig 3.2, corresponding to the following cases: 

 

Figure 3.2: Elastic Rayleigh and inelastic Raman scattering 

 

 A molecule absorbs a photon with frequency υ0 is excited to a virtual state and relaxes to 

its original vibrational state where it re-emits a photon with the same frequency υ0. This 

leads to elastic scattering known as Rayleigh scattering, where there is no change in 

energy between the incoming and scattered photons
3
. 
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 A molecule absorbs a photon of frequency υ0 in their basic vibrational state. Part of the 

photon's energy is transferred to the Raman-active mode with frequency υm, and the 

frequency of the re-emitted light is υ0-υm. This is the case where the scattered photon has 

a lower energy than the absorbed photon, known as Stokes Raman scattering
3
. 

 A molecule already in the excited vibrational state absorbs a photon of frequency υ0. 

Excessive energy is released while the molecule returns to its original vibrational state 

and the re-emitted photon has a frequency of υ0+υm. This is the case where the scattered 

photon has a higher energy than the absorbed photon, known as anti-Stokes Raman 

scattering
3
. 

  

The spectrum of the emitted photons is termed the Raman spectrum that is typically 

displayed according to the energy difference with the absorbed incident photos. 

 

3.3.2   Raman spectra for graphene  

From a molecular perspective all carbon materials are entirely composed of C-C bonds. The 

orientation of these bonds differs for every carbon allotrope and to characterise their 

molecular structure there is need of a technique that is highly sensitive to slight changes in 

the geometry of C-C bonds
4
. Raman spectroscopy is most sensitive to highly symmetric 

covalent bonds with little or no dipole moment, which is convenient for C-C bonds that fit 

this description perfectly.  

 

The Raman spectrum of graphene and graphene layers has been studied experimentally by 

Ferrari et al
5
 and results indicate that the graphene electronic structure is captured in its 

Raman spectrum that is shown to evolve with the number of layers. Fig. 3.3(a) compares the 

514 nm Raman spectra of graphene and bulk graphite. The two most significant features of 
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the spectra are the G band at 1580cm
-1

 and the G‘ or 2D band at 2700 cm
-1

. The G band, 

known as the graphite or tangential band, arises from the vibrational frequency of the sp
2
 

bond energy. The 2D band is a result of two phonons double resonance scattering. The D 

band, situated at 1350 cm
-1

, is a defect activated double resonance Raman process
5
. If the D 

peak is not observed in the graphene layers this confirms the absence of a significant number 

of defects. One obvious difference between the two spectra in Fig 3.3 (a) is that the peak in 

the 2D band is much more intense than the one in the G band in graphene compared to bulk 

graphite. Taking a closer look at the 2D band for different number of layers, both 512nm and 

633nm excitations (see Fig 3.3 (b,c)) it can be seen how both the shape of the band and the 

peak positions change with the number of layers
5
. The peak shift is a result of the 

interactions between the stacked graphene layers, while the change in the shape of the band 

is a result of the different inter layer interactions that occur at different sites within the layer 

(suggested by the curve fitting in Fig 3.3(c))
5
. 

 

Figure 3.3 (a) Raman spectra (514 nm) for bulk graphite and single layer graphene, (b) 

Evolution of graphene Raman spectra, 514 nm (left) and 633 nm (right), with the number of 

layers.(From Ref.5) 
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3.4   X-ray photoelectron spectroscopy 

 

X-ray photoelectron spectroscopy is an established surface analysis technique used to 

examine the properties of atoms or molecules. Its quantification stems from Einstein's 

documentation of the photoelectric effect in 1905, and since its early development in the 

1960s, has become one of the most effective tools for studying the composition and 

electronic structure of matter, with Kai Siegbahn awarded the Nobel prize in 1981 for the 

development of high resolution XPS
6
. 

 

The underlying principle of XPS is the photoelectric effect, which arises when 

monochromatic photons from an X-ray source bombards a surface, producing photoelectrons 

of discrete energy which distinguish the chemical to make up of the surface. The identifier of 

interest is the absorption of a photon with quantum energy hv and the ejection of an electron 

with a specific kinetic energy related to the binding energy of an electron in the target atom 

(shown in Fig 3.4) The binding energy is the energy acquired from the photon (dependent on 

the frequency of the photon) that is greater than the work function of the material. It is 

unique for varying elements and can be used to identify relative composition of constituents 

in the surface region of samples
7,8

.  

 

Figure 3.3:  XPS basic phenomenon
7
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In XPS only electrons situated near the top of the surface of the matter can escape without 

loss of kinetic energy due to high probability of inelastic scattering inside the solid
9
. Thus is 

ideal for studying interfaces and exclusive surface coverage necessary in the research work. 

 

3.5   Impedance spectroscopy 

Electrochemical Impedance spectroscopy (EIS) is an important technique used for 

investigating the electric and dielectric properties of ionic, electronic or mixed conductor 

ceramic materials
10

. This method involves measuring the impedance as a function of 

frequency by applying a sinusoidal input voltage and measuring the output current. The 

impedance Z as a function of angular frequency ω can be written in the following complex 

form: 

                                       Z(w ) = Z '(w )+ jZ ''(w )                                                                  (3.5.1) 

                                      Z '(w ) =
Ri

1+w 2Ri
2Ci

2
i=1

n

å                                                                    (3.5.2) 

                                     Z ''(w ) =
wRiC

1+w 2Ri
2Ci

2
i=1

n

å                                                                     (3.5.3) 

Where Z '(w )is the real part of the impedance, associated to the resistive contribution of the 

measured sample, whereas  is the imaginary part of the impedance associated to the 

capacitive contribution. The variable n used in the summation can take integer values 

between 1 and 3, corresponding to the different types of conduction path: low resistance 

continuous paths; discontinuous conductive paths separated by insulating barriers and high 

resistive paths
10

. 

 

By plotting the real part against the imaginary part of the impedance as a function of 

frequency we get the so-called Cole-Cole plot. The Cole-Cole plot is a very useful tool for 

determining the conduction mechanism in the material by fitting an equivalent circuit. The 

Z ''(w )
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most dielectric simple model consists of a resistor in series with a RC time constant which is 

associated to a semicircle in the Cole-Cole plot. 

 

Figure 3.5 Basic dielectric circuit model with semicircle Cole-Cole plot (From Ref.10) 

 

3.6 Hall effect measurement 

3.6.1 Hall effect 

One of the most commonly used methods to determine the carrier concentration and carrier 

type in a semiconductor is the Hall effect
11

. The basic setup is illustrated in Fig 3.6. An 

electric field is applied along the x-axis and a magnetic field is applied along the z-axis. For 

simplicity we consider the semiconductor to be p-type. As a consequence of the magnetic 

field, the Lorentz force FL= q (v ´ B) will exert an average upward force on the carriers 

drifting along the x direction. This will result in an accumulation of holes at the top of the 

sample, giving rise to a built in electric field Ey that must balance the Lorentz force as there 

is no net current along the y-axis in the steady state. 

 

The establishment of the electric field is known as the Hall effect. This field can be related in 

our measurements in terms of the terminal voltage, or Hall voltage: VH = Eyω. The Hall field 

Ey is proportional to the current density and applied magnetic field Ey=RHJBz. The 

proportionality constant RH is known as the Hall coefficient: RH= 1/qp and RH=-1/qn for a p- 

and n-type semiconductor. Therefore from the sign and magnitude of the Hall coefficient the 

carrier type and carrier concentration can be calculated using the equation
11
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p =
1

qRH
=
IBZW

qVHA
                                                      (3.6.1) 

 

Figure 3.6 Basic set up to measure carrier concentration using the Hall effect (From Ref.11) 

Having calculated the carrier density we can further determine the carrier mobility using the 

relationship 

                                                          s = q(nmn + pmp )                                                      (3.6.2) 

where σ is conductivity and n/p is the carrier concentration. For a dominant type of carrier 

transport we can approximate it tos = qnm, to calculate the Hall mobility 

   
 

  
    .                                                     (3.6.3) 

3.6.2 Van der Pauw technique 

As previously shown, to calculate the Hall mobility we need to calculate the resistivity of our 

sample. One commonly used method to calculate the resistivity is the four probes van der 

Pauw technique developed by L.J.van der Pauw
12

. This is an advantageous method that 

allows to avoid problems due to incorrect knowledge of sample geometry. This technique 

was specially developed to measure the resistivity of thin flat semiconducting samples, 

reason why this is appealing for our graphene devices. 

 

This measurement proves to be reliable, with an uncertainty less than 5%, provided that the 

contacts are on the edge of the sample, have negligible dimensions (point-like); the sample is 

homogeneous in thickness and the surface is connected, i.e. the samples has no isolated holes. 
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An example for a four point van der Pauw measurement is shown schematically in Fig 3.7. If 

these requirements are fulfilled, the following relation has been shown to hold
12

: 

          (  
       

 
)     (  

       

 
)                                          (3.6.4) 

where RAB,CD=(VD- VC)/IAB  and we can write the sheet resistivity in the form 

 r =
pd

ln2

RAB,CD + RBC ,DA

2
                                                    (3.6.5) 

 

Figure 3.7 Van der Pauw resistivity measurements 

3.7 Ultraviolet-visible spectroscopy 

When radiation of a continuous nature interacts with matter a number of processes can occur 

from refection, scattering to absorbance and fluorescence. If absorbance occurs the residual 

radiation, when subjected to a prism yields a spectrum with gaps in it, called an absorption 

spectrum
13

. The absorption causes atoms or molecules from a lower ground state to excite to 

a state of higher energy. In UV spectroscopy this transistion is between electronic energy 

levels, usually from the highest occupied molecular orbital (HOMO) to the lowest 

unoccupied molecular orbital (LUMO)
14

.  

 

From this absorption spectrum, the band gap, which is the energy difference between the top 

of the valence band and the bottom of the conduction band. To calculate the band gap from 
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the absorption, you take the cut-off measurement to find the wavelength and use the 

following formula, 

E =
hc

l
                                                               (3.7.1) 

where h is Planck‘s constant, c is the speed of light and λ is the wavelength. 

 

Figure 3.8 Excitation process from ground to exited state 

3.8 Reactive-ion etcher (RIE) 

Reactive-ion etching is a dry etching technology using chemically reactive plasma to remove 

material deposited on wafer and deposit DLC. RIE includes a vacuum chamber, cooling 

substrate holder, RF generator of 13.56 MHz, power supplier, shown in Fig 3.9
15

. RIE is a 

chemical etching, not a physical etching, which means a chemical reaction takes place 

between the solid atom and gas atoms to etch surface and add gas atom chemical bond
16

. 

 

The main steps in the etching process are: 

1) Formation of the reactive particle 

2) Arrival of the reactive particle at the surface to be etched 

3) Adsorption of the reactive particle at the surface 

4) Chemisorption of the reactive particle at the surface, i.e. a chemical bond is formed 

5) Formation of the product molecule 

6) Desorption of the product molecule 
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7) Removal of the product molecule from the reactor 

 

Figure 3.9 Reactive-ion etcher scheme (From Ref.15) 

In order to terminate diamond surface by N2 and SF6, STS RIE was applied with the 

following parameters: RF power 500W, 1mTorr, 40s, 20 sccm for N2/SF6. DLC deposition 

applied Oxford Pro NGP80 with the recipe in Table 3.1. The deposition rate is 49nm/min. 

Table 3.1 DLC deposition recipe 

Step 1 Step 2 Step 3 Step 4 

Ar sputter 

Ar50sccm 

RF Power 200W 

Pressure 15mTorr 

DC Bias   554V 

Time: 10min 

Cool down step 

Time:5 Minutes 

Gas stabilisation 

CH4 100sccm 

Pressure  200mTorr 

Time: 30s 

DLC Deposition  

CH4 100sccm 

RF Power 350W 

Pressure 200mTorr 

DC Bias   385V 
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3.9 Focused ion beam  

The basic FIB instrument consists of a vacuum system and chamber, a liquid metal ion 

source, an ion column, a sample stage, detectors, gas delivery system, and a computer to run 

the complete instrument as shown in Fig 3.10. The most common FIB is a FIB/SEM dual 

platform instrument. A dual-beam system allows sample preparation, imaging, and analysis 

to be accomplished in one tool. The ion beam and the electron beam complement each other 

in charge reduction, protective deposition, and imaging, which the electron beam can be used 

to monitor the ion beam milling to endpoint on the feature of interest
17

. Gallium is currently 

the most used ion source for FIB because of its low melting point, low volatility, low vapour 

pressure, and excellent mechanical, electrical, vacuum properties
17

.  

 

The electron beam can be used for imaging without concern of sputtering the sample surface. 

Electron beam deposition of materials can be applied to produce very low energy deposition. 

The ability to mill, image, and deposit material using a FIB instrument depends critically on 

the nature of the ion beam-solid interactions. The response of a given target material to the 

ion beam is strongly dependent on factors such as beam current, incident ion energy, feature 

geometry, and milling angel. 

 

Figure 3.10 Focused ion beam Microscopy 



51 
 

3.10 Device processing  

3.10.1 Overview 

This section briefly goes through the processing steps required to prepare graphene-diamond 

and graphene-DLC heterostructures. The diamond platforms used were single crystal 

diamond and detonation nanodiamond thin films. The methods that were used in pattering 

surface functional groups on the as prepared diamond and DLC samples are described as 

well, with detailed treatment parameters such as temperature, pressure, gas flow, plasma 

power and so on. After preparation of substrate samples, graphene transfer process is 

described. 

 

3.10.2 Preparation of diamond samples 

3.10.2.1 Single crystal diamond 

Single crystal diamond (SCD) was provided from Element Six. Firstly, diamond samples are 

cleaned by acid-bath. The processes are: 

1. The ETCHING solution must be prepared in the reaction flask according to the 

following procedure only: measure 30ml concentrated Sulphuric Acid (H2SO4) into the 

reaction flask; add 6 teaspoons of Ammonium Persulphate ((NH4)2S2O8) to create a 

saturated solution at room temperature; place the reaction flask on the heating plate and 

wait until the plate is at 100ºC 

2. Once the heating plate has reached 100ºC, drop the samples into the flask 

3. Turn temperature of the heating plate to 200ºC and begin a 20 minute countdown.  

4. The RINSE solution must be prepared and used at room temperature according to the 

following procedure only: measure 10ml Hydrogen Peroxide (H2O2) into a glass dish; add 

10ml Ammonium Hydroxide (NH4OH). 



52 
 

5. Following a 20 minute etch allow the solution to cool to ~50°C and then transfer the 

diamond samples to the RINSE solution using tweezers for 10 minutes. 

6. Following a 10 minute exposure to the RINSE solution the diamond samples should be 

removed and washed with de-ionised water and blow dried with nitrogen. 

 

After cleaning, the SCD surface was already oxygen terminated. Hydrogen termination was 

performed using a Seki plasma enhanced chemical vapour deposition (PECVD) system, 

where the setup is illustrated in Fig 3.11. The chamber was initially pumped down to vacuum 

level ~10
-7

 Torr. The plasma was ignited at a hydrogen flow of 200sccm, pressure of 5 Torr 

and plasma power 400W. After ignition, the plasma power and chamber pressure were 

increased accordingly with the final parameters: plasma power 1100W, chamber pressure 50 

Torr, hydrogen flow rate of 200 sccm, and temperature 7-800℃, with a processing time of 

20 min. Nitrogen and Fluorine termination were processed by STS-RIE. Fluorination: (500W, 

1 mTorr, 40s, source gas, SF6 20 sccm) and nitrogenation (500W, 1 mTorr, 40s, source gas, 

N2 20 sccm) 

 

Figure 3.11 Seki technotron PECVD setup 
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3.10.2.2 Detonation nanodiamod 

Detonation nanodiamond thin films were fabricated by depositiong ND on SiO2/Si. SiO2/Si 

substrates were cleaned with acetone, Isopropyl alcohol and deionized (DI) water, then dried 

with nitrogen. The ND solution was prepared by mixing ND power with DI water with a 

concentration ration of 1:14.The substrates were placed in the ND solution for 15 min in an 

ultrasonic tank.  

 

Hydrogen surface terminations were patterned on the ND films using a high temperature 

hydrogen thermal treatment process. The setup is illustrated in Fig 3.12. The chamber where 

the samples were kept was initially pumped down to vacuum level ~10
-7

 Torr before starting 

the annealing process. The hydrogen termination was done at 500℃, maintaining a pressure 

of 10 Torr with a H2 flow rate of 200 sccm, for 5 hours. AFM was applied to determine the 

surface roughness and thickness which films would be a suitable substrate for graphene. 

 

Figure 3.12 High temperature nanodiamond hydrogen termination setup 
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3.10.3 CVD graphene 

3.10.3.1 Growth process 

When it was first experimentally discovered, graphene was produced by exfoliating graphite, 

producing the best quality graphene. However, this is not a scalable method, the films being 

limited to small areas, and would therefore not make it a viable solution for industry. Large 

area graphene synthesis has been developed a chemical vapour deposition (CVD) process on 

catalytic metal substrates
18

. Copper (Cu) is an excellent candidate for making large-area, 

uniform thickness (95%), single-layer graphene films due to the low solubility of C in Cu
18

.  

 

Graphene films were primarily grown on 25μm thick Cu foils. A typical growth process flow 

is
19

: 

(1) Load the fused silica tube with the Cu foil, evacuate, back fill with hydrogen, heat to 

1000℃ and maintain a H2 pressure of 40 mTorr under a 2 sccm flow. 

(2) Stabilize the Cu film at the desired temperatures, up to 1000℃, and introduce 35 sccm 

of CH4 for a desired period of time at a total pressure of 500 mTorr. 

(3) After exposure to CH4, the chamber was cooled to room temperature. The cooling rate 

was varied from >300℃/min to about 40℃/min which resulted in films with no 

discernable differences. 

As the purpose of my research is to manipulate and not grow CVD graphene, further detail is 

left for the reader to pursue. 

 

3.10.3.2 Graphene transfer 

As grown CVD graphene in Cu foil was spin coated (3000 RPM, 1 min) with polymethyl-

methacrylate (PMMA), which was then cured at 180℃ for 90s. The Cu substrate was etched 

away using an aqueous solution of iron nitrate Fe(NO3)3 overnight for a period of 12 hours. 
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The remaining PMMA/graphene layer was rinsed twice and transferred to the target 

substrates using a ―fishing‖ method. However, this old method was found to cause cracks 

and tears in graphene layer. An improved method was developed by Li et al
20

, which was 

applied in my research work as well. The schematic diagram is shown in Fig 3.13. After 

placing graphene on target substrates, redeposit PMMA (3000 RPM, 1min), which would 

partially or fully dissolve the pre-coated PMMA. The redissolution of the PMMA was to 

shown mechanically relax the underlying graphene which improved the contact with the 

substrate
20

. The new PMMA coating cured in air without heater was dissolved by acetone, 

then rinsed by IPA and DI water.  

 

Figure 3.13 Process for transfer of graphene films (From Ref.20) 
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Chapter 4   

Electronic Properties of Graphene-Single 

Crystal Diamond Heterostructures 

 

4.1   Introduction 

 In this chapter we describe the carrier transport properties, as judged by Hall effect 

measurements, of graphene-SCD heterostructures, where the surface termination of the SCD 

onto which the graphene is attached is varied (-H, -O, -N, -F).  Significant variation is 

observed which is discussed in terms of the nature of the chemical doping of the graphene 

occurring. 

 

4.2  Experimental methods 

Single crystal substrates with (100) orientation, 4mm x 4mm x 0.5mm grown by CVD 

methods were used throughout (Element Six Ltd).  Prior to use, substrates were cleaned in 

strongly oxidising solutions to remove any residual surface conductivity due to organic 

contaminants and/or adsorbate-hydrogenated surface complexes
1,2

.
   

The acid bath for 

diamond was given in Chapter 3. All the samples after the acid bath were oxygen terminated. 

To produce hydrogenated surfaces, SCD samples were exposed to hydrogen microwave 

plasma (20 mbar, 800C, 10 mins, Seki Technotron AX5010). RF plasma processing of 

samples (STS PRO ICP RIE) was used (500W, 1 mTorr, 40s) for fluorination (source gas, 

SF6 20 sccm) and nitrogenation (source gas, N2 20 sccm).   Thermally grown 200nm thick 

SiO2 layers on Si were used for control experiments. Contact angle measurements (DSA 10 

Mk2) were on the basis on that a drop of DI water meets the solid to get different contact 
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angles due to the wettability on different substrates.  X-ray photoelectron spectroscopy (XPS) 

was performed to determine the surface coverage of the terminating groups (Loughborough 

Materials Characterisation Centre). CasaXPS software was utilized to analyse XPS results. 

Graphene samples (single layer, grown by CVD on Cu foil) supplied by Graphene 

Supermarket were used throughout and transferred onto the SCD substrate. The large-area 

graphene grown on Cu foils by chemical vapor deposition was coated by PMMA and an 

FeCl3 solution used to etch the copper. Graphene was then transferred onto substrates, with 

acetone being used to remove the PMMA. Raman measurements were performed using a 

Renishaw Invia Raman Micoscope system at two different wavelengths (514 and 786nm).  

 

Hall effect measurements were performed to determine carrier densities and mobilities 

within the heterostructures. A Lakeshore Cryogenics System (1T electromagnet) was used to 

determine sheet resistance and carrier densities using the ‗van der Pauw‘ approach, where-by 

four ohmic-like metal contacts (10nm Ti - 200nm Au) were placed on the top side of the 

graphene layer, in the four corners of square samples. Measurements were performed in a He 

atmosphere for the cryogenic system. The sheet resistance and sheet carrier mobility 

determined at temperatures between 20k and 298K, using a cryostat controlled sample mount 

system, and between 298K and 500K using a sample mount system with an integral heater. 

 

4.3  Results 

The C 1s region of XPS spectra measured for SCD samples exposed to the four different 

termination approaches are shown in Fig. 4.1, with the sp
3
 diamond C-C peak used for 

calibration at a binding energy 285eV
3
.  Fig 4.1(a) shows the survey scans, which shows 

elements present in different terminated samples. These were taken for all the samples to  
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Figure 4.1 XPS C1s spectra for different substrates (a) Survey scan of different terminated 

SCD; (b) Graphene on H-, O-, N- and F-terminated SCD (scans are overlap for different 

termination);(c) Hydrogen terminated SCD; (d) Oxygen terminated SCD; (e) Nitrogen 

terminated SCD; (f) Fluorine terminated SCD. (black line is fitted curve)  

individual elemental scans (C1s, O1s, N1s, F1s). The detected elements are labeled as shown. 

Fig 4.1 (b)-(f) are C1s scan for different SCD (100) samples. Fig 4.1(b) is C1s scan for 

graphene on different terminated diamond samples, which are same for different diamond 

substrates because XPS machine is much sensitive for surface to check a 4nm layer. Only 

one peak was at a binding energy 284eV from graphene. Fig 4.1(c) shows hydrogenated 

surface at a binding energy 284eV for C-H, where peaks fitting reveal additional state at 

285.2eV, 286.2eV, and 289.2eV. Whilst for surfaces expected to be oxygen terminated, main 

peak is at binding energy 285eV, the additional peaks are one at lower energies of ~284.2eV 
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and another one at 286.4eV.  Due to nitrogen termination and fluorine termination, the main 

peaks are at different binding energy, 286eV for N-terminated SCD and 287eV for F-

terminated SCD, with same C-N and C-F weak peaks. The use of wide-scan XPS spectra 

enables the primary elements present to be identified, and these are listed in Table 4.1.  It is 

clear that some oxygen remains present on the various samples, although it is minimized in 

the case of the hydrogenated substrates.  Contact-angle experiments were performed on each  

sample type to investigate the hydrophobicity of each; Table 4.2 shows the results achieved.  

With an angle of around 90°, the H-terminated and F-terminated samples appear strongly 

hydrophobic, whilst the other surfaces, at around 57°, rather hydrophilic. 

 

Raman measurements recorded following the deposition of graphene onto these types of 

substrates are shown in Fig 4.2(a); it is apparent that the peak at 1332cm
-1

, which can be 

attributed to diamond
4
 dominates the spectrum in each case. The data in Fig. 4.2(a) inset is 

presented the high resolution from 1400cm
-1

 to 1800cm
-1,

 omitting the diamond1332cm
-1

 

region, such that the so-called G peak of the non-diamond carbons present can be seen, 

which is same for graphene on the different diamond substrates. 

Table 4.1 Elemental compositions calculated from XPS spectra for the single crystal (100) 

diamond substrates, following exposure to different surface termination treatments. 

Sample C N O F 

H-terminated SCD 97%  3%  

O-terminated SCD 90%  10%  

N-terminated SCD 82% 6% 12%  

F-terminated SCD 78%  12% 10% 
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Table 4.2  Contact wetting angles for each of the sample types 

 

 

 

 

  

 

For comparison, Fig. 4.2(b) shows the Raman spectrum obtained for the same graphene 

material processed in a similar manner but deposited on a thermal SiO2 layer. Graphene has 

a single and very sharp 2D peak, which means graphene is present as a monolayer 
4
. A full 

range of peaks attributable to differing carbon vibrations can now be seen. The samples were 

next subjected to electrical evaluation using Hall effect measurements. Room temperature 

(298K) measurements for the sheet resistivity, sheet carrier concentration and the calculated 

carrier mobility values are shown in table 4.3.  In each case the sign of the measured Hall 

voltage indicated samples to be p-type in character.  Very different values can be seen for 

each sample type, with mobilties ranging from 1 to 221cm
2
/Vs and carrier concentrations in 

the range 6 x 10
12

 cm
-2

 to 5 x 10
14

 cm
-2

.  Fig 4.3(a) shows the mobility values for each 

sample type plotted against the corresponding sheet carrier concentration; the lack of a clear 

trend is quite apparent.  In the case of the highest mobility sample type, graphene on H-

terminated SCD, Hall measurements were performed over a wide temperature range.  The 

mobility value peaked at ~250cm
2
/Vs at around 170K, the temperature at which the sheet 

carrier concentration minimized before increasing again at lower temperatures, with a 

decrease in mobility to around 150cm
2
/Vs. Fig 4.3, shows the sheet carrier concentration and 

mobility values at high temperatures, (a) and (b). 

 

Substrate Contact Angle 

Hydrogen terminated SCD 89° 

Oxygen terminated SCD 57° 

Nitrogen terminated SCD 58° 

Fluoride terminated SCD 93° 
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4.4   Discussion 

Whilst the terminology H-, O-, F- and N-terminations for the SCD has been used, it is clear 

from the data contained in table I, that all samples support some surface O-groups to lesser 

or greater presumably because the initial strong acid bath cleaning step creates oxidised SCD, 

which is not entirely displaced by the subsequent treatments.  Indeed, the F- and N- samples 

are in fact F/O- and N/O- terminated, which produced a concentration of about 5.4% N and 

9.5% F, together with a small increase in oxygen content compared with O-termination 

sample.  Only in the case of the H- terminated surfaces is the O content relatively low at 3%. 

In this case adsorbed Hydrogen can displace C-O-C and carbonyl groups to create dangling 

bonds
5
.  A -1 eV shift of C1s peak from 285eV is assigned to carbon bonded to surface  

 

Figure 4.2 (a) Raman spectra of graphene on diamond (100) subjected to the various 

treatments (blue line for GHSCD, green line for GOSCD, red line for GNSCD and GFSCD), ; 

inset (a) Raman spectra of graphene on diamond (100) subjected to the various treatments, 

revealing the G peak at 1580cm
-1

; (c) Raman spectrum of similar graphene on SiO2-Si. 



64 
 

hydrogen. After transferring graphene onto SCD (cleaned by strong acid), the content of 

oxygen is higher than the content on O-terminated SCD.  This can be explained by carbonyl 

bonding on the diamond and a bridge oxygen of C-O-C between graphene and diamond
5,6

. 

From Fig. 4.1 (c)–(f), peak positions are different for different termination due to the C-X 

functionalization. The following bonds are generally assigned: sp
2
 C-C (284.2-284.6eV), sp

3
 

C-C (285.0-285.5eV), C-O (286.2-287.1eV), C=O (287.1-288.1eV), C-OOH (288.0-

289.4eV), C-NHx (286-288.5eV), C-N (286.3-286.8eV), C-F (287.0-290.2eV), C-F2 (291.6-

292.4eV), and C-F3(292.4-293.4eV)
8,9,10

. On H-terminated SCD there is strong C-OOH peak 

about 289eV. For O-terminated SCD, C=O and C-O are shown in Fig. 4.1(d). For N-

terminated SCD and F-terminated SCD, C-N and C-F functionalization affect different peak 

positions. 

 

Figure 4.3 (a) Mobility values for each sample type plotted against the corresponding sheet 

carrier concentration; (b) Mobility of H-terminated SCD for large temperature range from 

35K to 500K 
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Table 4.3 Sheet resistivity, sheet carrier concentration and carrier mobility for the p-type 

conduction measured at 298K for each sample type, as judged by Hall effect measurements. 

Sample Temperature 

(K) 

Sheet resistivity 

(Ohm/sq) 

Carrier concentration 

(x1012 cm-3) 

Mobility 

(cm2/Vs) 

Graphene on H-SCD 298 4392 6.5 221 

Graphene on O-SCD 298 1345 28 196 

Graphene on N-SCD 298 12000 24 19 

Graphene on F-SCD 298 11716 512 1 

 

Electron mobilities of CVD graphene are an order of magnitude lower than those in 

exfoliated graphene
10

. Point defects and chemical impurities from substrates affect the 

mobility of graphene-diamond structure
11

. The mobility of H-terminated SCD at room 

temperature is the highest because of ―surface conductivity‖ on H-terminated diamond 

surfaces. In this case, electron transfer from diamond to the H3O
+
/(H2O+H2) redox couple 

accounts for hole accumulation layer
12

.  This p-type layer can then enhance the conductivity 

that arises directly from the graphene layer.  For N(O)- and F(O)- terminated SCD samples, 

the recorded mobilities are very low, which suggests the interaction between diamond 

substrates and graphene results in poor electrical properties. However, it should be noted that 

in the case of Graphene-F(O)-SCD heterostructures the sheet carrier density is extremely 

high, which, along with modest mobility, is metallic-like behaviour. 

 

From Fig 4.3(b) it can be seen, the mobilities for graphene on H-terminated SCD increase as 

the temperature from 35K to 170K then drop down from 170K to 500K. With increasing 

temperature, electron-phonon scattering increases. For low temperature, acoustic phonons 

interaction dominates; for high temperature, both optical phonons and intervalley scattering 

increase
13

. Due to acoustic phonon interaction, the mobility is expected to be proportional to 

T
-3/2

; while the mobility leading by optical phonon scattering is expected to be proportional 
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to T
-1/2 14

. Ionized impurity scattering can affect mobility as well. The effect of impurity 

scattering decreases with increasing temperature
15

.  From Fig 3, from 35K to 170K, the slope 

is about 9/20; from 170K to 475K, the slope is -9/10. So at low temperature, is can be 

suggested that ionized impurity scattering dominates, whilst at higher temperature, electron-

phonon scattering dominates. 

 

Conductivity, , is characteristically a function of temperature, which can be described by an 

exponential function
16

 

s = s 0 · exp(-
Eg

2kT
)
                                  (4.1) 

Where Eg represents the materials band-gap, k is Boltzmann‘s constant and T, temperature. 

The logarithm of the equation 

lns = lns 0 -
Eg

2kT                                      (4.2) 

means that a plot of  lnσ against 1/T will yield a line whose slope contains information on the 

band gap of the material. In the case of graphene-H-SCD heterostructures a value of Eg ~ 

0.07eV is obtained; this is significant as it shows that a band-gap, essential for the formation 

of many types of electronic devices can be created locally by H-terminating SCD substrates. 

So energy gap can be worked out from the slope of the line.   Recently, many approaches 

including defect generation
17

, molecular doping
18

, nano ribbon
19

, and gas adsorption
20

 have 

showed to open the bandgap, such as bilayer graphene and boron doped graphene, whilst 

these reduce the good mobility of graphene
21,22

. In the current case a simple chemical 

functionlisation of the SCD substrate is sufficient to offer both p-type graphene with an Eg 

~0.07eV and good mobility, or metallic-like behavior (in terms of free carrier density) with 

low mobility but very high carrier concentrations. Since it is relatively easy to pattern these 

functional groups on the diamond surface, these suggests that this approach may offer an 
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exciting route to 2D device structures on single layer graphene sheets. 

 

4.5   Concluding remarks 

In summary, monolayer CVD Graphene was covered on H-, O-, N(O)- and F(O)- terminated 

single crystal diamond leading to interesting electronic properties. Whilst the quality of the 

graphene used here is the likely cause for relatively modest mobility values being measured, 

Graphene on H-terminated SCD shows highest transport mobility. At 250 cm
2/

Vs this is high 

enough for many device applications. Moreover, this heterostructure gave rise to p-type 

graphene with a band gap energy of around 0.07eV. In contrast, N(O)- terminated SCD 

substrates led to extremely high carrier densities and a moremetallic- like characteristic. 

Since it is relatively easy to pattern these functional groups on the diamond surface, these 

suggests that this approach may offer an exciting route to 2D device structures on single 

layer graphene sheets. 
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Chapter 5  

Properties of graphene-diamond-like 

carbon Heterostructures 

 
 

5.1 Introduction 

In this chapter, diamond-like carbon was applied to support the graphene. The family of 

amorphous carbon films, which exist with varying degrees of sp
2
 and sp

3
 content, and known 

as diamond-like carbons (DLCs) may be a preferable alternative, as they can be deposited at 

room temperature over large areas on a wide range of substrates, and are inexpensive to 

produce. Indeed, Wu and co-workers have already produced high performance radio-

frequency graphene field-effect transistors (FETs) with the graphene being deposited on 

DLC films owing to higher phonon energy and lower surface trap density of DLC
1
. 

 

DLC is an amorphous hydrogenated carbon (a-C:H) with 20-40% hydrogen content 

containing a significant fraction of sp
3
 bonds,  which typically displays high mechanical 

hardness, optical transparency, low surface energy, wide band gap (2.5-3.5eV) and low 

friction coefficients
2.3

.  DLC films have been widely utilized in recent years as hard coatings 

with useful optical, thermal and electrical properties. Various terminated DLC films have 

been developed to change and improve DLC‘s properties. The additions include nitrogen 

(NDLC) and fluorine (FDLC). Nitrogen termination enabled to cause the optical band gap to 

shrink
4
; fluorine banding groups have been presented to reduce DLC‘s surface energy and 
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friction coefficients
5.6

. In this chapter, we describe the physical-chemical properties of 

graphene-DLC/NDLC/FDLC heterostructures and relate them to the observed electronic 

properties. Significant differences are observed which are discussed in terms of the 

interaction of graphene with the various DLC coated substrates. 

 

5.2 Experimental methods 

DLC films were deposited using RF plasma system, normally configured as a reactive ion 

etching (RIE) instrument (Oxford Plasma Pro NGP80). P-type Si (100) substrates with a 

300nm SiO2 top layer where used as substrates throughout.  DLC films were deposited (RF 

power 350W, CH4 carbon source gas at a flow rate of 100sccm) for 10 minutes, resulting in 

around 500nm DLC film thickness. After cleaning DLC films by acetone and IPA, different 

surface terminations were introduced onto the DLC films using a different RF plasma tool 

(STS Pro-ICP RIE), (500W, 1mTorr, 1 min) for fluorination (SF6, 20sccm) and nitrogenation 

(N2, 20sccm). CVD monolayer graphene on copper foil, supplied by Graphene Supermarket, 

was used throughout and transferred onto DLC films by a PMMA supported transfer process 

described in detail elsewhere
7
. The surface morphology of the various films was measured 

over 2 m m ´ 2 m m regions by scanning atomic force microscopy (AFM, Veeco Dimension) 

in tapping mode. The chemical composition and bonding states of the films were 

characterized using X-ray photoelectron spectroscopy (XPS, Thermo Scientific) with the Al 

K a  line as the exciting source.  A micro Raman spectroscopy (Renishaw Invia system) 

operating at 514.5 nm was used to study the film microstructure, where the laser output 

power used was 1mW. Hall Effect measurements (1T electromagnet, Lakeshore Cryogenics 

System) were performed to determine graphene carrier mobilities using ―van der Pauw‖ 

method, which by four ohmic metal contacts (10nm Ti-200nm Au) were placed on the 

topside of the graphene layers at room temperature. 
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5.3 Results and Discussion 

As judged by AFM, the DLC films deposited were all uniform and smooth. Comparing the 

as-deposited DLC films (Ra ~ 0.45nm, average height 0.4nm) to the surface functionilized 

ones, indicated that the processing had introducing some roughening; the NDLC and FDLC 

films displaying Ra values of 0.46 nm and 1.48nm respectively (Fig. 5.1), which N-

termination does not affect roughness. The roughness increase can be considered to result 

from localized etching effects, as the films are not expected to be ideally isotropic
8,9

. It is 

seen from Fig. 5.1 that the fluorine termination leads to clear difference (average height 

1.1nm) in the morphology which may add more addition atoms to affect cluster structure; 

whilst the nitrogen atoms do not much affect the surface and the number of dangling bonds
4
.  

More structure studies would be presented in Raman and XPS analysis. 

 

Figure 5.1. AFM images of different termination DLC film. Ra is the average surface roughness 

in nm. (a) DLC. (b) NDLC. (c) FDLC. 

 

Raman spectroscopy shows many differing features in the 800-3000cm
-1

 region, which can 

be used to consider the nature of the bonding present between the carbons present. In 

particular, the so-called D, G and 2D peaks, which lie at around 1360, 1560, and 2700cm
-1

 

have been widely studied. The G peak is due to bond stretching of pairs of sp
2
 atoms in both 

rings and chains, known as the graphite or tangential band
10

. The D peak is due to the 

a) b) c)
Ra=0.45nm Ra=0.46nm Ra=1.48nm

DLC NDLC FDLC
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breathing modes of sp
2
 atoms in rings and induced by local basal plane derivatization with 

sp
3
 distortion

10,11
. The 2D peak is the second order of D peak and used as a fingerprint for 

the presence and quality of graphene layers
12

. The visible Raman spectra of carbon films are 

dominated by sp
2 

sits, because visible excitation always resonated with the p  states
12

, even 

for the highly sp
3 

DLC films. The sp
3
 component of diamond or samples containing a 

significant of diamond phase would be expected to give rise to a peak at 1332cm
-1

, whose 

peak width can be taken as an indication of disorder within the sp
3
 bonding matrix

22
. Fig. 5.2, 

plotted by Origin Pro 8.5 with a Voigt function, compares the Raman spectra of DLC films 

grown here to the films following surface functionlization, and also for DLC with a graphene 

overlayer. In Fig. 5.2(a) the D and G peaks are clear to be observed, while the sp
3
 stretching 

modes are not clearly evident under visible Raman laser. A typical signature for 

hydrogenation level in samples measured in the visible region is that photoluminescence 

background (PL) increases with increasing H content
12

. The ratio between the slope (m) of 

the fitted linear background and the intensity of the G peak (IG) can be used as a measure of 

the C-bonded H content
10

. In Fig. 5.2 (a), the PL has been measured between 1000 and 1800 

cm
-1

. Following the method described by Casiraghi
3
, leads to an estimate for the H content in 

these films to be ~ 25%.  Such DLC films are often referred to as a-C:H films. In Fig. 5.2 (a-

c), the G and D peaks positions are shifted when compared to typical peak positions of 1560 

and 1360 cm
-1 11

. Such peak shifting or peak dispersion increase with increasing disorder;
 
for 

visible Raman excitation, increasing sp
3
 content in the film and general disordering lead to a 

reduction in G peak Raman shift
10

. For all of the DLC films studied here, the G and D peaks 

have such blue-shift, hence increasing levels of disorders. In addition to investigating the 

peak positions of the G and D peaks, their intensity ratio is also of interest. An increase of 

ID/IG ratio being ascribed to an increase the size of sp
2
 clusters, defects for DLC and the sp

3
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hybridization changes due to new C-N or C-F bonds
12

. For the films studied here, DLC, 

NDLC, and FDLC, the ratios of ID/IG are 0.35, 0.38 and 0.41, respectively, an increase in  

 

Figure 5.2 Raman Spectrum of DLC films and graphene-DLC heterostructure films. (a) DLC 

(Error: D peak 0.5, G peak 0.2). (b) NDLC(Error: D peak 0.5, G peak 0.4). (c) FDLC. (d) 

graphene on different terminated DLC. 

 

disorders that correlates to the different AFM roughness values previously measured.  After 

the transfer of CVD graphene, a sharp G peak emerges on top of the broad peak from the 

DLC, and a sharp 2D peak can also be seen (Fig. 5.2 (d)). The Raman spectrometer laser 

interacts not just with the graphene surface, but with all the molecular bonds in graphene and 

DLC films. For graphene, the two most intense features are the G peak at 1560 cm
-1

 and the 

2D peak at 2700 cm
-1 12

. From Fig. 5.2(d), nitrogen additions look like ―not‖ affecting 

graphene much because Raman results shows clear and strong G and 2D peaks, whilst for F-

terminated substrate G and 2D peaks are weaker than no-treated DLC substrate. However, 

apparent changes of the ratios of ID/IG can be calculated in the case of a graphene-DLC 

a) b) 

c) d) 
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heterostructures, 0.41, 0.31 and 0.37, respectively for GDLC, GNDLC, and GFDLC. The 

lower ID/IG  ratio accounts to the bigger domain size in graphene
8
.This suggests that defects 

are possibly induced from the addition bonds between the graphene and DLC films, where 

we might get a similar transition from C=C sp
2
 to a C-C and C-H/N/F sp

3
 network

10,13
. A 

significant evidence of monolayer graphene is shown from the sharp shape of 2D peaks
13

. 

From Raman results, it has been shown that there are interactions between graphene and C-

H/N/F bonds, which enable to change graphene properties. 

 

X-ray photoelectron spectroscopy is a valuable tool to evaluate the changes in the surface 

composition and bonding that occurred during surface termination
14

. Fig. 5.3 shows the C 1s 

spectral region XPS for the different DLC film and DLC with graphene overlayers. The C 1s 

core-level spectra of our samples were fitted by CasaXPS software with the following peaks: 

284.5eV binding energy (BE) assigned to sp
2
 hybridized C atoms (blue line in Fig. 5.3) in 

DLC (graphite structure) and graphene; 285.4eV BE assigned to sp
3
 hybridized C atoms (red 

line) due to the formation of C-H and C-C of DLC by different termination; other 

components with higher BE which originate from C-N/F groups, interface states or 

contamination
14,15

. Without any additional surface functionlisation, the spectrum (Fig. 5.3(a)) 

is typical of pure DLC films characterized by BE of carbon in sp
2
 and sp

3
 bonding 

configurations, and carbon in a COOH bonding environment at 288.6eV, which accords with 

the H content (only 25%) of the DLC film from Raman results (much more sp
2
 graphite C 

bonds)
22

.  After nitrogen termination, around 7% N was found on the NDLC surface, 

creating new carbon bonding environments of C-NH and C=O (286.4 and 287.7eV), whilst 

sp
2
 C=C transited to sp

3
 C-C owing to the band terminations, so the ratio of sp

2
/sp

3
 decreased 

compared with no-treatment DLC
14,15

. Fluorine termination leads to a stronger reaction with 

the DLC films, with FDLC samples having ~24% F on their surfaces. The spectrum in 
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Fig.5.3 (c) shows six peaks were observed with binding energies of 284.3, 285, 286, 283,290 

  

Figure 5.3 XPS spectrum of DLC films and graphene-different termination DLC 

heterostructures’ films. Blue line for sp
2
 and red line for sp

3
. (a) DLC. (b) NDLC. (c) FDLC. (d) 

graphene on DLC. (e) graphene on NDLC. (f) graphene on FDLC. 

 
and 293eV, which can be assigned to sp

2
, sp

3
, C-O, C-F, C-F2, and C-F3 bonds, 

respectively
6,8,16

. Thus, the apparent presence of C-FX groups leads to higher film roughness 

(AFM observation Fig. 5.1) and the content of sp
3
 bonds increase. Bendavid

6
 shows more C-

FX groups accords to the surface energy decrease, so FDLC has lower surface trap density 

which may become a better support substrate than pure DLC. Furthermore, the content of sp
3
 

bands is higher than sp
2 

bands for graphene with different terminated DLC heterostructures 

surface. Since the effective sampling depth of XPS is about 2-5nm, here the primary states of 

sp
3
 peaks are assigned by C-H bands of DLC and hybridized C-C formed by C-N/F 

functional groups, whilst the secondary states of sp
2
 peak are influenced by graphene and 

C=C bands of DLC
6,15

. Stronger sp
3
 peaks may be described as those originate from interface 

states or C-H/N/F groups which reduce a transition from a sp
2
 to a sp

3
 network

6,15,17
. From 

Fig. 5.3(d.e.f), water adsorption may occur on graphene due to the increase presence of C-O, 

a) b) c) 

d) e) f) 
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C=O, or COOH peaks
17

. Relevant to Raman results, XPS analysis has revealed that the C-

N/F groups obviously influence graphene-DLC heterostructure electronic states. 

 

Using Hall Effect measurement, electrical measurements (sheet resistivity and sheet carrier 

density) were measured at room temperature and used to calculate the Hall mobility for the 

various heterostructures. The values found are recorded in Table 5.1. Pristine graphene 

transferred on different terminated DLC gets a p-type system, which acts as donors that 

graphene π electrons transfer from surface to the DLC or interface
6
. The maximum mobility 

is associated to the GFDLC heterostructure (twice of GDLC‘s mobility), corresponding to 

the lowest carrier density. As explained by Avouris, an important factor affecting the 

graphene mobility is the carrier density, where the increase of density induces the decrease 

of mobility depending on the dominant scatters
18,19

. Therefore, the lowest mobility from 

GNDLC samples depends on the highest carrier density. As reported in the Raman and XPS 

analysis, C-N/F groups enable to affect the graphene-DLC heterostructure properties. The 

large presence of CFX groups reduces the substrate‘s surface energy, which causes a lower 

surface trap density but still keeps big optical energy gap
8
. However, nitrogen addition is 

able to increase graphitization, which induces the decrease of the optical energy gap
14

. 

Owing to the decrease of optical energy gap, a smaller phonon energy of NDLC films 

weakens the p  bands scattering, which leads to low electronic mobility
4,18

. From the Hall 

Effect results, fluorine terminated DLC supporting substrates give better electronic 

properties, while GNDLC heterostructure shows more metallic-like character. 

Table 5.1 Hall Effect results for different graphene-DLC heterostructure 

Sample Sheet resistivity (Ohm/sq) Carrier density(cm
-2

) Mobility (cm
2
/Vs) 

GDLC      1799 1.9 ´ 10
13

 173.7 

GFDLC 1702 1.1 ´ 10
13

 313.7 

GNDLC 1801 4.3 ´ 10
13

 84.3 
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5.4 Conclusions 

In summary, the graphene-DLC/NDLC/FDLC heterostructure were investigated in terms of 

the surface morphology, chemical composition, and microstructure by means of AFM, 

Raman spectroscopy, XPS and Hall Effect system. Different terminations changed the 

roughness of DLC films, which induced the Raman D and G peak shifting with the increase 

of disorders and sp
2
 C=C transiting to sp

3
 C-C shown from XPS results owing to C-N/F 

groups. Raman and XPS analysis for graphene-DLC heterostructure suggests graphene 

properties changed by interaction between two layers and different addition groups. GFDLC 

show better electronic mobility, while GNDLC reveals metallic-like characters. Based on 

this research and IBM high frequency FET results, better graphene transistors will be 

achieved. Different DLC support substrates may offer better 2D device applications. 
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Chapter 6  

Graphene-Nanodiamond Heterostructure and 

their Applicant of Field Effect Transistors  

 
 
6.1. Introduction 

Current studies have typically employed readily available Si/SiO2 wafers as the substrate, 

which creates a thermal capacity problem reducing the current capacity of graphene due to 

the highly thermally resistive SiO2 layer
1,2

. In an attempt to overcome this problem, diamond 

and diamond-like-carbon (DLC) have been explored as they offer insulating properties 

whilst being superior in terms of thermal conductivity, with a large optical phonon energy 

and potentially a lower surface trap density
1.3

. Graphene devices on ultrananocrystalline 

diamond (UNCD) and single crystal diamond (SCD) have been shown to increase the 

amount of current that graphene devices are capable of handling
3
. For commercial 

electronics, substrates that can be produced using large volume production and at low cost 

are essential for any new technology. Here, the potential advantages of the use of low-cost, 

large area compatible nanodiamond (ND) thin films, rather than UNCD and SCD for 

fabricating graphene-nanodiamond heterostructure devices are explored. ND inherits most of 

the outstanding properties of bulk diamond, but delivers them at the nanoscale, including 

hardness, high thermal conductivity, chemical stability, electrical resistivity and a large 

bandgap
4-6

. NDs fabricated by a detonation process (~5nm) are readily available at low cost 

and can be readily attached to any 2D or 3D materials through simple sonication from 

solution
4
. To control the surface performance of the NDs, hydrogen termination of the ND 

surface leads to an increase of the surface optical phonon energy and stabilization of 
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nanostructures
7-9

. Compared with high cost SCD, with the highest thermal conductivity of 

bulk materials, the low cost and easily deposited ND films have been found to have high 

thermal conductivity around 5-50 W/mK
10

, which is higher than the thermal conductivity of 

UNCD (8.6-16.6 W/mK) and diamond-like-carbon (0.2-3.5 W/mK)
11.12

. 

 

In this chapter, a cost effective and mass producible method to create a monolayer ND 

capable of tuning the properties of graphene for the fabrication of Field-Effect Transistors 

(FETs) is demonstrated. Compared to the pristine graphene transferred onto SiO2/Si 

substrates, the mobility increased by 60% on graphene on hydrogen terminated nanodiamond 

(GrHND). The detailed material properties of graphene on ND surface with and without 

hydrogen termination treatment have been investigated using Fourier transform infrared 

spectroscopy (FTIR), and Raman spectroscopy. It shows that the hydrogen termination 

treatment not only removed surface contamination from monolayer ND, but also provided a 

suitable linkage between ND and graphene to form a conductive path, as demonstrated in 

electrochemical impedance spectroscopy (EIS) measurements. The carrier mobility of 

GrHND is no less than that of graphene on hydrogen terminated SCD (GrHSCD). In addition, 

GrHND demonstrated a stable Hall mobility with temperature. High-k dielectric top-gate 

graphene transistors with gate length of 200 nm and 500 nm were fabricated using focused 

ion beam (FIB) using Tungsten carbide (WC) contacts to improve the energy transfer 

between diamond and metal
6
. This research offers a new approach for commercial graphene 

transistor applications. 

6.2. Experimental Section 

As shown in Fig. 6.1(a), the monolayer nanodiamond films were first deposited on the 

SiO2/Si substrate with 300nm thickness of SiO2. Nanodiamonds were supplied prepared in 



82 
 

solution from ultra-dispersed detonation nanodiamonds (New matals & Chemicals 

Corporation, Japan). Depositions were made by immersing the substrate material in the ND 

solution (0.05g/L of NDs) followed by sonication (10 min). Hydrogen termination for NDs 

was performed using a Seki AsteX AX6550 reactor and keeping following parameters for 5 

hours: microwave power, 600W; H2 200 sccm; pressure 10 Torr; temperature 500°C. CVD 

grown monolayer graphene on a copper foil (Graphene Supermarket) was coated with 

PMMA. The PMMA-coated graphene was treated with Iron nitrate solution to etch away the 

Cu foil. The floating PMMA coated graphene was scooped out of the bath and cleaned in DI 

water to transfer onto H-terminated NDs samples. PMMA was removed by acetone. 

 

The surface morphology of the various films was measured over 10μm×10μm and 

1μm×1μm regions by scanning atomic force microscopy (AFM, Veeco Dimension V) in 

tapping mode for H-terminated NDs. The chemical composition and bonding states of the 

films were characterized using Fourier transfer infrared spectrometry (FTIR, Perkin Elmer 

Spectrum One) in transmission mode and X-ray photoelectron spectroscopy (XPS, Thermo 

Scientific) with the Al K α line as the exciting source. A micro Raman spectroscopy system 

(Renishaw Invia) operating at 514.5 nm was used to study the film microstructure, where the 

laser output power used was 1mW. Impedance spectroscopy was applied in the range of 0.1 

Hz to 10MHz in vacuum at elevated temperature from room temperature to 500C using an 

Autolab electrochemical system. Hall Effect measurements (1T electromagnet, Lakeshore 

Cryogenics System) were performed to determine graphene carrier mobilities using the ―van 

der Pauw‖ method, by which four ohmic metal contacts (10nm Ti-300nm Au) were placed 

on the topside of the graphene layers at room temperature. 
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Graphene field-effect transistors were fabricated by Carl Zeiss Focused Ion Beam 

Microscope and Atomic Layer Deposition. A dual-beam instrument (Carl Zeiss XB1540 

cross-beam Focussed-Ion-beam microscope) has been used to pattern samples without using 

masks, giving a feature size as small as 10 nm. The instrument combines a FIB and a SEM 

column in the same chamber and is fitted with a gas-injection system to allow local material 

depositions (Tungsten carbides WC, SiO2, and Platinum Pt) and material-specific 

preferential milling to be performed by introducing reactive gases in the vicinity of the 

electron or ion probe. The electron column delivers the imaging abilities of the SEM which 

is less destructive than FIB imaging. SEM imaging of the graphene sample before milling 

identifies a clean area suitable for FET fabtication. Keep one clean graphene area 

5µm×10µm then other surrounding area around 100µm×110µm were milled by using a 

30kV Ga+ beam with a current of 2nA to remove the graphene and nanodiamond layers. 

Before depositing S/D/G contact patterns, insulator material (SiO2) were deposited on 

surrounding area to 50nm thickness. Three contacts patterns 40µm×40µm were coated by 

Tungsten Carbide with thickness of 200nm using a 30kV/2nA beam. A final gentle polish 

with Ga+ ions (30kV/ 5pA) was used to clean the graphene area edge and remove side 

damage. Finally connect big contact pattern with graphene area edge by WC using a 

30kV/50pA beam. After deposition of 10nm Al2O3 layer by Atomic layer deposition (ALD), 

one narrow gate channel was built on the top. In this paper, the gate sizes are 500nm×5µm 

and 200nm×5µm. 

 

6.3. Results and Discussion  

6.3.1 Characterisation of Graphene-H-ND heterostructures 

A schematic view of the GrHND heterostructures used here, supported on a SiO2/Si substrate 

(300 nm SiO2) is shown in Fig. 6.1(a). The ND monolayer was obtained by first coating the 
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SiO2/Si substrate with an ND solution, followed by thermal hydrogenation (more details in 

experimental section). The surface coverage and roughness of the ND layer were identified 

by atomic force microscopy (AFM), shown in Fig. 6.1(b) both as a top-view (1µm×0.5µm) 

and a 3D-view (1µm×1µm). It shows the ND nanoparticles (10-20 nm) form a homogenious 

layer on the substrate surface. The mean surface roughness is around 2.7 nm and the height 

of ND layer suggests it has a monolayer characteristic. The uniformity of the deposited ND 

films is important as the electronic properties of graphene can be easily modified by surface 

morphology of supporting materials such as big defects, local strain etc.
13

.  The hydrogen 

termination treatment used here aims to reduce the density of surface states
4
. A comparison 

of Fourier transform infrared spectroscopy (FTIR) spectrums of untreated ND and H-ND are 

shown in Fig. 6.1(c). The peak observed at 1726 cm
-1

 is characteristic of the C=O stretching 

band involved in carboxylic acid groups and anhydride functionalities
14

. The wide peak in 

the 3000-3600 cm
-1

 range is attributed to the OH of adsorbed water. Complex mixed peaks 

of ND surface groups (C-OH, COO
-
,C-O-C, C-H) are observed in the 1000-1500 cm

-1
 

range
15

. These indicate dangling bonds on the surface of the ND films have highly reactive 

with air at room temperature. After hydrogen treatment, the intensities of all of the complex 

mixed peaks from 1000 to 1500 cm
-1

 have been reduced. The free and adsorbed –OH peaks 

have disappeared in the region of 3000-3600 cm
-1

, while the peak at 2923 cm
-1

 has become 

much stronger, being assigned to the C-H stretching of the hydrogenated ND surface coupled 

with the CHX bands at 1461 cm
-1 

(CH2) and 1377 cm
-1

 (CH3)
16

.  

Raman spectroscopy was applied to characterise the graphene-ND heterostructure as Raman 

spectra provides common feature mapping for all carbon materials
17.18

. The incident power 

was kept to <1mW to avoid sample damage or laser-induced heating
19

. Fig. 6.1(d) shows the 

Raman spectra for ND, H-ND films and the two types of graphene-ND heterostructures.  The 
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three main peaks indentifying the vibrational modes of graphene are the D, G and 2D peaks, 

as labelled in Fig. 6.1(d). The G peak assigns to the E2g phonon at the Brillouin zone  

 

Figure 6.1 (a) Schematic view of a graphene-HND heterostructure, Nanodiamond with 

hydrogen termination. (b) AFM images of top-view and 3D-view of hydrogen terminated ND 

surface. (c) Comparsion of FTIR spectra of untreated ND and hydrogen-terminated ND 

surfaces. (d) Raman spectra of untreated ND, H-ND, graphene-ND, and graphene-HND. 

centre and the D peak is due to the breathing modes of sp
2
 phase and defects for those 

activations
20

. The most prominent feature in graphene is the 2D peak whose shape 

distinguishes single and multilayer graphene
21

. As expected, no Raman peaks can be 

identified from monolayer dispersed ND and H-ND surfaces given the low incident power 

and strong fluorescence generated by the green laser source (514 nm)
22

. The positions of D, 

G and 2D peaks are listed in the Table 6.1. Unavoidable impurity charge doping and mixed 

sp
3
/sp

2
 bonded phase induced by the transfer of graphene onto ND and H-ND, the dangling 
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bonds from ND and H-ND surfaces shown in FTIR results lead to the observed shift in the 

Raman peaks
23,24

. The G peak position strongly depends on the interaction between graphene 

and its environment
25

. Compared with previous studies of graphene on SiO2, G peak 

positions for the graphene-ND heterostructures have an upshift from 1581cm
-1

 to 1586.2cm
-1

 

and 1585.7cm
-1

 for untreated ND and H-ND substrates respectively
18

. These G peak shifts 

are due to the electron-phonon coupling which results in a shift in the Fermi level, thus 

doping the graphene
25,26

. Compared to monolayer graphene on SiO2 where the 2D peak is at 

2700cm
-1

 
26

, the 2D peak positions are also slightly different on the two different substrates 

and have downshifts by 2 and 10 cm
-1

 for ND (2698 cm
-1

) and H-ND (2690cm
-1

) substrates, 

respectively. This is due to hole doping
27

. The 2D peak widths for both heterostructures are 

within 25-28 cm
-1

, suggesting the graphene is a monolayer
19

. Additionally, since the 2D peak 

responds to all electron scattering processes while the G peak is not affected by such 

processes, the integrated intensity ratio of I2D/IG provides additional information
21

. The 

impurity charges and electron transfer induce an increase of scattering with increased carrier 

concentration, decreasing the ratio of I2D/IG
18

. The ratios of I2D/IG for both heterostructures 

are 1.06 and 1.17 respectively, proving electrons transfer between the interface of graphene 

and ND and high doping for graphene has occurred; for low doping the 2D peak is expected 

to be 3-5 times stronger than the G peak
18

. The first order D peak can only be observed from 

Gr-HND, suggesting the C-H stretching leads to the appearance of D peak. The emergence 

of the D peak is associated with disorder and the sp
3
/sp

2
 ratio

21
, in line with previous studies 

conducted on hydrogenated graphene layers
2
. As observed previously from the FTIR results, 

the strong C-H stretching for H-terminated sample will be responsible for the sp
3
 signal, 

leading to heterostructures formed from sp
3
/sp

2
 mixtures. Both FTIR and Raman results 

show a clear modification occurs to the graphene lattice with H-termination treatments of the 
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NDs. Charge transfer between graphene and NDs leads to disorder and high doping; hence 

tuning the graphene electronic properties.  

 

Table 6.1. Intensities for different peaks 

Sample D peak G peak 2D peak 

Gr-ND    Peak position 

                Intensity 

 

 

1586.2 

2308.98 

2698.2 

2466 

Gr-HND Peak position 

                Intensity 

1347.1 

3958.3 

1585.7 

6328.6 

2690.2 

7430.9 

 

 

Figure 6. 2 High resolution C1s XPS spectra of ND (a), H-terminated ND (b), graphene on ND 

(c), and graphene on H-terminated ND (d). sp
2
 peak red line, sp

3
 peak blue line, C-O peak pink 

line, C=O peak green peak, COOH peak cyan line. 

XPS was used to estimate the fraction of sp
2
 and sp

3
 atoms present

28
. Fig. 6.2 shows the C 1s 

spectral region for ND, H-ND surfaces and for each with graphene overlayers. The C 1s 
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core-level spectra of samples were fitted by CasaXPS software with the following reference 

peaks: 284.5eV binding energy (BE) assigned to sp
2
 hybridized C atoms in ND (graphite 

structure) and graphene
28,29

; 285.4eV BE assigned to sp
3
 hybridized C atoms due to the 

formation of C-H and the C-C bonds in the ND film
28,30

; other components including C-O, 

C=O, and COOH with much higher BEs ( 286eV, 287.6eV, 288.6eV) which originated from 

interface states and ambient oxygen and moisture
30-32

. The XPS spectrum of ND films, 

shown in Fig 6.2(a), indicates an oxygenated surface with different functional groups due to 

air oxidation. At the same time, there is also a small sp
2
 contribution since NDs are partially 

covered by a thin layer of graphite
4
. Hydrogen termination of NDs (Fig. 6.2(b)) reveals the 

sp
3
 hybridization of the deposited carbon by saturation with hydrogen atoms, whilst thermal 

annealing (under 500°C for 5 hours for H-termination detailed in experimental section) leads 

to graphitization and an increase of the sp
2
 phase

30,33
. As shown in the previous FTIR results, 

most oxygen functional groups were reduced by Hydrogen termination. In agreement with 

this, the XPS results show that after transferring graphene, oxygen functional groups are 

more significant on GrND heterostructures (Fig. 6.2(c)) rather than GrHND heterostructures 

(Fig. 6.2(d)). When accounting for the D peak assignment in Raman analysis, these XPS 

results indicate disorder and the absence of an sp
3
 phase contributing to the D peak

2,3
. The C-

H stretching sp
3
 bonds are likely to affect the translational symmetry of C=C sp

2
 bonds in 

graphene, which is similar to the effect of hydrogenating graphene
3
. To analyse the hydrogen 

coverage first the sp
3
 coverage was determined as θ/(1+θ) where θ is defined as the intensity 

area of sp
3 

and sp
2
 peaks

2
. For pristine CVD graphene transferred onto untreated ND films 

the sp
3
 coverage was found to be ~19%, while for graphene transferred on H-ND films the 

sp
3
 coverage increases to ~38% (the intensity area of sp

2
 and sp

3
 from Table 6.2). Hence, by 

hydrogen terminating the ND substrates, the graphene layer is indirectly hydrogenated with 

an H coverage of 38%-19% = 19%. 
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Table 6.2.Intensity area for sp
2
 and sp

3
 peaks 

Sample sp
2
 sp

3
 θ(Isp3/Isp2) θ/(1+θ) 

Gr-ND 64137.23 14852.65 0.23 19% 

Gr-HND 28043.05 17246.72 0.62 38% 

 

6.2.2 Electronic transport in graphene-nanodiamond heterostructures 

The electrical characteristics of the heterostructures were examined using AC 

electrochemical impedance spectroscopy (EIS) measurements. Two Au/Ti (300nm/10nm) 

contacts were deposited on the top-side corners of square samples. EIS was carried out in 

vacuum at temperatures ranging from room temperature to 500C as shown in Fig. 6.3 (more 

details for different temperature in Fig. 6.4).  The frequency scale is from 0.1 Hz to 10MHz. 

At room temperature the Cole-Cole plot consists of two semicircles
34

, which suggests two 

conduction paths in the heterostructure. One conduction path can be associated with the path 

the charge carriers take at the surface of graphene in contact with the exterior. The other path 

can be associated with the graphene-nanodiamond interface, where the two carbon surfaces 

are weakly linked by hydrogen bonds. By increasing the temperature up to 125C, the results 

show that the radius for the low frequency semicircle increases while the high frequency 

semicircle shows little change in shape (Fig. 6.4(a)). If we assign the low frequency 

semicircle to the graphene surface conduction path, we would expect the conductivity to 

decrease owing to the evaporation of the water layer on the surface. At this temperature we 

would expect negligible modifications in the graphene-ND interface, so the high frequency 

semicircle may be associated to this conduction path. At higher temperatures from 150C to 

250C both semicircles start to decrease. For the low frequency semicircle this might be due 

to the elimination of residues or remaining PMMA on the graphene surface, which would 

explain its increasing conductivity. Whereas for the high frequency semicircle, this can be 

explained in terms of a possible activation of the hydrogen bonds in the graphene-ND 

interface. Further increasing the temperature the high frequency semicircle decreases at a 
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higher rate than the other, and results show that after 275C we have only one semicircle that 

further decreases up to 500C (Fig. 6.4(c)). The low frequency semicircle after 400C is too 

small to show. At these temperatures we would expect breaking of C-H bonds between the 

graphene-ND interface, which would ultimately eliminate its associated conduction path  

 

Figure 6.3 (a) Impedance spectra of Gr-HND heterostructure (red line). The inset is the 

equivalent circuit model and the fitting line in black. (b) Comparison of room temperature 

Impedance spectra before and after annealing (500C). 

leaving only the graphene surface conduction path. This suggests the low-frequency 

semicircle is assigned to the graphene surface conduction path, while the high-frequency 

semicircle is explained in terms of a possible activation of the hydrogen bonds in the 

graphene-ND interface
35,36

. The equivalent circuit model of this heterostructure is also 

shown in Fig. 6.3(a) as an inset, representing the internal resistance for the conductive path 

according to literature
34,37,38

. The equivalent circuit model shows two RC in series and the  
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Figure 6.4  Impedance spectra of graphene on H-terminated ND heterostructure for different 

temperature. (a) room temperature to 125C; (b) 150C to 250C; (c) 250C to 400C; (d) room 

temperature results before and after annealing. 

black line in Fig. 6.3(a) is the fitting result following this model. In the equivalent electrical 

circuit, Rs (209.5Ω) represents the total resistance of the electrolyte and electrodes; R1 

(3632Ω) is assigned from the interface linked by H-bonds; R2 (3054Ω) is from the graphene 

surface. After high temperature annealing (during measurement) and cooling to room 

temperature again, two clear semicircles were not seen again because of the breaking of C-H 

bonds between the GrHND interface at the highest temperatures. As shown in the following 
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Hall effect section, the effect of high temperature annealing of GrHND by leads to properties 

similar to those for GrND (Table 6.3). 

Hall effect measurements can be used to determine sheet resistivity, carrier density and Hall 

mobility values for a semiconductor
39

. The carrier transport properties of GrHND samples 

were investigated using the Van der pauw method shown in the inset of Fig. 5(a). The 

sample was placed on an insulating platform where four Hall probes were put on four corner 

Au/Ti (300nm/10nm) ohmic contacts in a vacuum chamber. Here we compare the two 

different heterostructures: GrHND (Nanodiamonds) and GrHSCD (single crystal diamond). 

It can be seen from Fig. 6.5(a), the Hall mobilities for both samples are comparable at 300K, 

the difference being within 10 cm
2
/Vs. As the temperature increases, the Hall mobility of 

GrHND exceeds that of GrHSCD. The Hall mobility of GrHSCD is proportional to T
-1.1

 and 

drops sharply from 220 cm
2
/Vs to 140 cm

2
/Vs, whilst in the case of GrHND the mobility 

only decreases by 15 cm
2
/Vs as the temperature increases. At high temperatures, 450K, 

GrHND outperforms GrHSCD in terms of mobility by 33%. This phenomenon can be 

attributed to phonon scattering, which is the dominant factor in the SCD case, and phonon 

scattering increases with temperature. However, for ND the factors for scattering are more 

complex, including lattice impurities and phonon scattering
40,41

. Hence, it can be anticipated 

the devices based on GrHND can be operated on wide temperature range without losing 

performance. For the reference sample, the mobility for graphene transferred directly onto 

SiO2/Si is 132 cm
2
/Vs (Table 6.3). The sheet resistance and carrier densities for both 

heterostructures have been plotted against temperature in Fig. 6.4(b). The sheet resistance of 

GrHND is stable around 2600 /sq from 300K to 450K whilst the sheet resistance of 

GrHSCD shows a small increase from 4392 to 5112 /sq over the same temperature range. 

Meanwhile, the carrier density for GrHND is nearly four times that of GrHSCD; increasing 

from 1.09 10
13

cm
-2

 to a highest point of 1.3 10
13

cm
-2

 at 400K, then dropping slightly to  
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Figure 6.5 (a) Hall mobility for GrHND and GrHSCD. The inset is Van der Pauw method for 

measurement.  (b) Comparison of sheet resistance and carrier density of GrHND and GrHSCD. 

(c) Schematic picture of the hydrogenated ND surface in contact with a water layer as it forms 

in air. (d) Schematic for GrHND heterostructure. 

1.2×10
13

cm
-2

 at 450K.  The carrier density of GrHSCD shows a linear increase with 

temperature from 6.44×10
12

 to 8.51×10
12

 cm
-2

 for room temperature to 450K. Although 

GrHSCD has lower carrier density which enables an increase in the mobility
42

, GrHND 

gives a lower sheet resistance which offers superiority in terms of a low resistance channel 
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for a transistor
4.

 This suggests the low cost monolayer ND is a good alternative compared 

with SCD. From the supporting information (Table 6.3), the electronic properties of annealed 

GrHND are similar with those for GrND (no H treatment for the ND). All of the 

heterostructures are p-type systems. As shown in Fig. 6.5(c, d), by hydrogenating any 

diamond surface conductivity can be improved owing to the reaction between of C-H bands 

and the water layer
43

. This process is explained by transfer of the –H/-OH lowest unoccupied 

molecule orbital (LUMO) into the diamond highest occupied molecule orbital (HOMO) by 

energy preference. This ultimately leaves a hole accumulation layer on the diamond surface. 

After graphene transfer to hydrogen the terminated diamond surface (Fig. 6.5(b)), the π 

electrons from the graphene will inject into the diamond surface through the hydrogen bonds. 

This explains the associated p-type conduction at the graphene H-terminated diamond 

structures. 

 

Table 6.3. Hall effect measurement results for different samples 

Sample Doping Resistance 

(k/sq) 

Carrier density 

(cm
-2

) 

Mobility 

(cm
2
/Vs) 

Gr-SiO2-

Si(reference) 

P type 1.05 4.48 10
13

 132.65 

Gr-H-SCD P type 4.39 6.44 10
12

 220.86 

Gr-O-SCD P type 1.34 2.79 10
13

 195.5 

Gr-H-ND P type 2.65 1.09 10
13

 214.9 

Gr-O-ND P type 2.51 5 10
13

 50 

Gr-ND P type 4.43 4 10
13

 33.86 

Gr-H-ND 

(after 

annealing) 

P type 2.78 3.96 10
13

 56.56 

 

The measured values for the carrier density, mobility, sheet resistivity and doping type, done 

in room temperature conditions, are recorded in Table 6.3. These measurements were done 

for CVD graphene transferred on both SCD and ND thin films, where the diamond substrates 

have been patterned with both hydrogen and oxygen surface terminations. In terms of carrier 

mobility measurements two main results can be distinguished. Firstly, the maximum 
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mobility is associated to the H terminations on the diamond surface, corresponding to the 

lower carrier density. However, a decrease in mobility for the case of O terminations can be 

associated to the increase in carrier density compared to the case of H terminations. The 

second important result to be mentioned is the fact that mobility values for both graphene on 

hydrogenated SCD and ND films are close, of the same order of magnitude. Yet the SCD 

platform is a very expensive approach for commercial applications, and a low cost diamond 

substrate is desirable. Effectively these results show that our prepared ND films are a less 

expensive platform for graphene, with the prospect of low cost carbon sp
2
 -on- sp

3 

technology. 

 

6.3.3 Graphene Field Effect Transistor on Hydrogen terminated nanodiamond  

Top gate FET devices were fabricated on GrHND heterostructures with different gate 

channel sizes. A Focussed-Ion-beam (FIB) tool, giving a feature size as small as 10nm, was 

used to define the source, drain contacts, gate electrodes, and also for local material 

depositions for contact formation using tungsten carbide (WC). A top-gate Al2O3 dielectric 

was grown by atomic layer deposition (ALD). Detailed fabrication information is given in 

the experimental section. Fig. 6.6(a) shows schematics of the fabricated devices and Fig. 

6.6(b,c) show SEM images of the FET design. From Fig. 6.6(c) it can be seen that graphene 

was removed by FIB milling around the FET channel and the gate length is sub-micron. Fig. 

6.6(d, e) show the output characteristics of two graphene devices, one with a gate length of 

500nm and another with a gate length of 200nm. The linear output behaviour indicates the 

presence of good ohmic contacts. The drain voltage sweeps from 0 V to 1 V and the gate 

voltage changes from -4 V to 4 V. As shown in the insets, the Dirac point voltage obtained 

from the long gate device is around -1 V, which suggests n-doping
32

. However, from our 
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Raman and Hall effect results, the structure is considered p-type. Previously, Li has reported 

that a graphene FET displayed p-type behaviour due to the Ti layer being used serving as the  

 

Figure 6.6 Fabrication and output characteristics for graphene FET on H-termianted ND. (a) 

Schematic view of a top-gate FET; (b) SEM image of a top-gatedevices, Scale bar, 10 µm.( c) 

FIB image of the 500 nm device. Scale bar, 2 µm. d) and e) Output characteristics of a 500nm 

device (d) and a 200 nm device (e). Insets, transfer characteristics at drain-souce voltage Vds=-

1V. 

hole dopant, as well as adsorption of oxygen and water molecules
44

. In the present case, Ti 

contacts were used in the material studies but WC contacts have been used for the devices. 

WC contacts may be acting as an electron dopant, through energy being transferred from 

metal into diamond‘s phonon bands
6
. The inset for short gate device shows the output 

characteristics without an inflection point, which suggests that graphene provides efficient 
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contacts to the conduction band of ND for electron injection
45

. The gate modulation of the 

short gate device is much weaker than that of the long gate device due to the more dominant 

role of the contact resistance in short gate devices and the short-channel effect
2
. Device 

mobility was estimated to be 

   (
    

   
)  *

 

      
+                                                          (6.1) 

where L is the channel length (5 µm), W is the channel width (500 nm) and Ci is the area 

capacitance per unit area between the channel and gate (8 ×10
-7 

F/cm
2
)
46

. The mobility for 

long gate device is ~149 cm
2
/Vs. 

 

6.4. Conclusion 

In summary, a systematic study of the properties of graphene-ND heterostructures has been 

carried out and the operation of an FET on GrHND structures demonstrated. Due to low cost, 

easy deposition and high thermal conductivity, monolayer ND is a good alternative support 

for graphene when compared SCD or UNCD for current-carrying capacitive graphene 

devices. The properties of graphene on NDs with and without H-termination were 

investigated using FTIR, Raman spectroscopy, and XPS. The C-H bond present on H-

terminated NDs, strongly influences the heterostructure that results from depositing graphene 

on the NDs.  The presence of the H-termination leads to the appearance of a so-called D 

peak, the shifts of the G and 2D peaks, and the ratio of sp
3
/sp

2
 carbon present. From EIS 

measurements performed at elevated temperatures, the hydrogen links both ND and 

graphene to create the charge transfer which induces a conductive interface layer between 

graphene and ND.  The mobility of GrHND increases 60% compared with graphene on 

SiO2/Si and is comparable with GrHSCD (single crystal diamond). As temperature is 

increased, the Hall mobility of GrHND exceeds that of GrHSCD, which strongly decays.  
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This means that the GrHND layers are more suitable for stable device operation over a wide 

temperature range. In addition, GrHND heterostructures offer higher carrier densities and 

lower sheet resistances than those of GrHSCD, offering higher current handling capacity.  

FETs fabricated on this novel type of herterostructure GrHND gave comparable output 

characteristics to FETs on graphene-SCD, whilst offering the prospect of low cost large area 

production of graphene electronics. 
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Chapter 7 

Graphene-Single Crystal Diamond (100)/(111) 

Hybrid Structure 

 

7.1 Introduction 

Owing to the lack of a finite band gap, graphene devices can never be turned off completely, 

which is an obstacle on the way of the use graphene in logic and high-speed switching 

devices
1
. Creating a finite gap without degrading the graphene‘s properties remains 

challenging even that different approaches have reported to open up the band gap, such as 

graphene nanoribbons
2
, graphene hydrogenation

3
, graphene doping

4
, and application of 

strain
5
. Here in this chapter we systematically investigate experimental and simulative study 

of graphene on different orientation single crystal diamond (100) and (111) (G@SCD) to 

induce a band gap. 

 

7.2 Experiment section 

Single crystal diamond 100 and 111 (Element Six Ltd) were cleaned in strong oxidising 

solutions to remove any residual surface conductivity due to organic contaminants. The 

strong acid bath used a mixture of sulphuric acid and ammonium persulphate as the etch 

solution and a mixture of hydrogen peroxide and ammonium hydroxide as the rinse solution. 

After cleaning, hydrogen termination for SCD was created using Seki AsteX AX6550 

reactor and keeping following parameters for 5 hours: microwave power, 600W; H2 200 

sccm; pressure 10 Torr; temperature 500C. The CVD grown monolayer graphene on a 

copper foil was coated with PMMA. The PMMA-coated graphene was treated with Iron 
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nitrate solution to etch away Cu foil. The floating PMMA coated graphene was scooped out 

the bath and cleaned in DI water to transfer onto H-terminated NDs samples. PMMA was 

removed by acetone. The surface morphology of the various films was measured over 

10μm×10μm and 1μm×1μm regions by scanning atomic force microscopy (AFM, Veeco 

Dimension) in tapping mode for H-terminated NDs. The chemical composition and bonding 

states of the films were characterized using X-ray photoelectron spectroscopy (XPS, Thermo 

Scientific) with the Al K α line as the exciting source.  A micro Raman spectroscopy 

(Renishaw Invia system) operating at 514.5 nm was used to study the film microstructure, 

where the laser output power used was 1mW. Low temperature resistance measurements 

were done in National Physical Laboratory (NPL). Four corner ohmic contacts Ti/Au 

(10nm/200nm) on the top side of both heterostructures which are made using 

interconnections with the low temperature measurement PCB by wire bonding. The samples 

were put in a pulse tube cooler which allowed cooling from room temperature to 2K and 

done van der Pauw sheet resistance measurements were made with four different connection 

configurations (the current flowing between four different contacts 1&2 or 2&3 or 3&4 or 

4&1). A chopped D.C. measurement method was applied which is to measure the D.C. 

voltage under a D.C. current, then switch off the current and remeasure the voltage. Then by 

subtracting the second voltage from the first effective resistance, compensated for any 

thermoelectric voltage in the leads, can be calculated. UV-visible absorption spectra for 

transparent SCD and G@SCD were collected with a Shimadzu UV 1800 spectrophotometer. 

Firstly, H-terminated SCD100/111 was measured, then after graphene transferred 

heterostructures were measured again. 

 

The density functional simulations are carried out using Vienna ab-initio Package (VASP)
6,7

. 

The electron-core interaction is treated using projected augmented wave (PAW) 
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potentioals
8,9

. The excharge and correlation is used PBE functional, which is proven good for 

diamond and graphene simulation
10

. Because the van der Waals interaction play the essential 

role in the hybrid structures, this interaction is treated using optB88-vdW
11

. Kohn-Sham 

orbitals are expanded in a plane wave basis set with a cut-off energy of 500eV. The systems 

are relaxed until all forces are less than 0.01eV/Å. A Monkhorst-Pack mesh of 7×7×1 was 

used for the heterostructures. The dipole correction is also considered. The lattice mismatch 

is under 2%. The electronic properties would not be affected under this strain in our tests. 

 

7.3 Results and Discussion 

The surface roughness Ra of SCD100 and SCD111 (single crystal diamond with different 

orientations) were identified by atomic force microscopy (AFM) and have small difference 

of 0.48nm and 0.72nm, respectively. The uniformity of the SCD film is important as the 

electronic properties of graphene can be modified by surface morphology of supporting 

materials
12

. 

 

Raman spectroscopy was used to characterise the G@SCD heterostructure as Raman spectra 

provides common features for all carbon materials
13–15

. It enables to identificate  
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Figure 7.1 Raman spectra of G@SCD. (a) comparison of SCD(100), H-terminated SCD(100) 

and G@SCD100. The inset is the smaller range for G@SCD100. (b) comparison of SCD(111), 

H-terminated SCD(111) and G@SCD111. The inset is the smaller range for G@SCD111. 

 

functional groups, structure defect and chemical modifications introduced during the preparation 

and processing of graphene
16

. Electronic properties of graphene due to defects doping or 

edges effect, will reflect in the widths and intensities of the Raman peaks
13,14

. Fig 7.1 shows 

the Raman spectra for SCD, H-terminated SCD and G@SCD. The measurements are 

performed as room temperature with a Renishaw spectrometer at 514 nm with <1mW 

incident power to avoid monolayer graphene damage. Visible Raman excitation always 

resonated with the π states and the Raman spectra are dominated by sp
2
 sites

14
. The three 

main intense features are the D peak at ~1332 cm
-1

, the G peak at ~1580 cm
-1

, and the 2D 

peak at ~2608 cm
-1

, as labelled in Fig 7.1. The D peak is due to the breathing modes of sp
2
 

atoms in rings, while the G peak is from the bond stretching modes of all pairs of sp
2 

atoms 

in both rings and chains
17

. The 2D peak is second order of D peak whose shape distinguishes 

single and multilayer graphene
16

. The G and 2D peaks provide information about the level of 

doping and layer number, and the D peak is activated by lattice defects and the formation of 

sp
3
 hybridization

13,14,16
. The D peak for G@ SCD samples is the first-order Raman line for 

SCD, which corresponds to the vibrations of the two interpenetrating cubic sublattices
18

. 

Moreover, a D peak assigned from the disorder of graphene surface is unable to be observed 

owing to the dominant of the D peak contribution from SCD
14

. In the insets of Fig 7.1, the G 

peaks‘ positions for G@SCD heterosturcture have upshifts from 1580 cm
-1

 of G@SiO2 to 

1583.76 cm
-1

 and 1583.23 cm
-1

 for G@SCD100 and G@SCD111 respectively
13

. These G 

peak shifts result in the shift of Fermi level and induce the doping for graphene
19

. The G 

peak full width at half maximum [FWHM(G)] for G@SCD100 and G@SCD111 are large, 

51 cm
-1

 and 40 cm
-1

 respectively, indicating structural disorders
13

. Compared to monolayer 
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G@SiO2 where the 2D peak is located at 2700 cm
-1

, the 2D peak positions have big 

downshift for G@SCD100 (2608 cm
-1

) and G@SCD111 (2609 cm
-1

), owing to hole 

doping
20,21

. The impurity charges and electron transfer induce an increase of scattering while 

a decrease of the ratio of I2D/IG
13

. The ratios of I2D/IG for both heterostructures are 0.2 and 0.7 

for G@SCD100 and G@SCD111 respectively, proving electron and hole separation between 

the interface and highly doping. For low doping, the 2D peak is expected to 3-5 times 

stronger than the G peak
14

.  

 

XPS was applied to estimate the fraction of sp
2
 and sp

3
 atoms present

22
. Fig 7.2 shows the C 

1s spectral region for SCD100/111, HSCD100/111, G@SCD100 and G@SCD111. The C 1s 

core-level spectra of samples were fitted by CasaXPS software with the following reference 

peaks: 284.3-284.6eV binding energy (BE)  

 

Figure 7.2 High resolution C1s XPS spectra of SCD and G@SCD. (a) SCD100/111. (b) 

HSCD100/111. (c) G@SCD100. (d) G@SCD111. 
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assigned to sp
2
 hybridized C atoms in graphene and C-H bonds due to hydrogen termination; 

285-285.5eV BE assigned to sp
3
 hybridized C atoms from SCD; C-O with higher BE about 

286.4-287eV, and COOH with BE around 288.6eV from interface states, ambient oxygen 

and moisture
22–25

. The XPS spectrums of SCD100/111 are same, shown in Fig 7.2a, which 

indicates an oxygenated surface with C-O and COOH groups due to air oxidation. After H-

termination, one sp
2
 peak appears due to C-H bonds and C-C dimers on the surface. 

Compared with Fig 7.2(a), the COOH group is removed and replaced by H-termination
26

. 

After transferring graphene, the reduction of the sp
3
 phase for both heterostructures attributes 

to the interaction π/π* between C-H from diamond surface and graphene which induce the 

disorder. Similar with hydrogenating graphene, the hydrogen coverage enables to be 

determined as θ/(1+θ) where θ is defined as the intensity area of sp
3
 and sp

2
 peaks

27
. For 

G@SCD100, the H coverage is found to be ~27%, while for G@SCD111 the coverage is 

12%, which indicates hydrogen bond would play more remarkable effect by C-H bond from 

SCD100 surface. 

 

In simulation, for SCD (111), 1×1 unit cell is used for matching graphene and for SCD(100),  

(
  
  

) supercell is employed for matching (
  
  

) graphene, shown in Fig 7.3. The binding 

energy (Eb) per atom of graphene with the substrate is defined as following: 

Eb = 
 

  
[EGr@D- (EGr + ED)]                                (7.1) 

Where EGr@D is the graphene on diamond heterostructure, EGr and ED is the energy of 

isolated graphene and diamond substrate, respectively. And NG is the number of atoms in the 

supercell. 
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Figure 7.3 The supercell of the heterostructure. Topview and sideview of Gr@HSCD(100) are 

on top-left and top-right, respectively.  And those of Gr@HSCD(111) are on the bottom-left 

and bottom-right, respectively. 

 

Table 7.1 The binding energy per graphene atoms Eb (meV) and the distance between the 

graphene and substrates (A) at equilibrium states 

Samples Eb (meV) distance (Å) 

Gr@HSCD(100) -57 2.68 

Gr@HSCD(111) -35 2.77 

Gr@SCD(100) -56 3.83 

Gr@SCD(111) -20 3.13 

 

Compared with HSCD(111) substrate, the interaction of graphene with HSCD(100) substrate 

is stronger with -57 meV/atom. This conclusion is also in line with the distance between the 

graphene and substrates, where the distance between the graphene and HSCD(100). 

a)                                                           b)

c)                                                            d)
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Futhermore, the influence of the hydrogen termination have also been investigated. For 

SCD(111) surface, where the top layer C atoms are non-terminated, is highly reactive, 

whereas the SCD(100) surface undergoes a surface reconstruction and reformed to 

SCD(100)-2×1 reconstructed surface. The results are also tested in PBE only functional, 

which all the binding energies and distances are predicted to be lower and longer. More 

detailed results in experimental section. 

 

The detailed electronic properties are also investigated by charge density difference and band 

structure. The charge density difference is defined as 

        (      )                              (7.2) 

where ρGr@D, ρGr +ρD are the charge density of after and before graphene put on diamond. 

 

Figure 7.4 The charge density difference between graphene and SCD(111), blue part means the 

decrease of density, red part means the increase of density. 

 

From Fig 7.4, the pz orbital, which is mainly constituted the π bond above the graphene, 

decreased, whistle the hydrogen bonds from the terminated surfaces gain the electron from 

the graphene. This charge transfer tuned the band structure at K point, shown in Fig 7.5. The 

band-gaps of the Gr@HSCD(100) and the Gr@HSCD(111) are 35 meV and 20 meV, 

respectively. 
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Figure 7.5 a) Band structure for G@HSCD heterostructure. b) The band gap is opened at K 

point. 

 

From theory study, hydrogen terminated SCD tuned a band gap Eg in the initially zero band 

gap material. Low temperature sheet resistance measurement was applied in a pulse tube 

cooler allowing cooling from room temperature to 2K by chopped D.C. resistance 

technique
28,29

. It shows the resistance increase with decreasing temperature dρ/dT<0, which 

prove a transition for graphene from a semi-metallic behaviour to semiconducting behaviour. 

An estimate for Eg can be deduced from the temperature dependence of the conductivity 

σ=1/ρ, which for a semiconducting material varies according to the Boltzmann transport 

model: 

                                                   ( 
  

   
)                                (7.3) 

The ρ(T) results were plotted in Fig 7.5 by ln(1/ρ) vs 1/T to demonstrate a straight line with 

slope of –Eg/2k
30

. For G@SCD100, the resistance increases steadily with decreasing 

temperature between 290K to 230K (region 1), and from the 230K to 50K (region 2) a 

a) b) 
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continuing increase in resistance with falling temperature but with a slower rate than at 

higher temperatures. From Fig 7.5a, the bandgap for region 1 is 0.466eV, and the bandgap 

for region 2 is 0.0286eV. However, G@SCD111 obtained a steady increase in resistance 

with falling temperature. The bandgap for G@SCD111 is 0.0164eV from Fig 7.5b. 

 

Figure 7.6 Graphic depiction of ln(1/ρ) vs 1/T. (a) G@SCD100. (b) G@SCD111. 

 

UV-visible absorption spectra for HSCD100/111 and G@SCD100/111 were plotted as 

shown in Fig 7.7. The bandgap estimated from the cut-off wavelength with Eg=h·C/λ, where 

h is planks constant, C is the speed of light
31

. The observed absorption near 210nm for all the 

samples suggests a π→π* transition of C=C
32

. However, a small shoulder for HSCD100 and 

G@SCD100 gives a second bandgap. The difference bandgaps for HSCD100 and 

G@SCD100 are 0.026eV for 210nm and 0.17eV for the small shoulder. While for HSCD111 

and G@SCD111 only 210nm absorption attends and the difference bandgap of HSCD111 

and G@SCD111 is 0.02eV.  
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Figure 7.7 UV-Vis absorption spectra. (a) HSCD111 and Gr@SCD111. (b) HSCD100 and 

Gr@SCD111. 

 

7.4 Conclusion 

In summary, we have investigated the electronic properties of G@SCD(100)/(111) based on 

experiments and density functional theory. Hydrogen bonds between diamond and graphene 

play a remarkable role for the properties of these heterostructure. G and 2D peaks of the 

heterostructures are shift due to the disorders and doping.  From low temperature and UV-vis 

experimental methods, a small band gap is opened on G@SCD heterostructure, while the 

band gap for G@HSCD(100) is bigger than its of G@HSCD(111), which is proved by 

simulation study. In simulation, the band-gaps of the Gr@HSCD(100) and the 

Gr@HSCD(111) are 35 meV and 20 meV, respectively.The hybrid structures induce a finite 

gap which is larger than kBT for G@SCD(100), indicating the achievable current on/off ratio 

is larger than that of the freestanding graphene. 
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Chapter 8  

Conclusion 

 

Since graphene was first mechanically exfoliated one decade ago
1
, 2D materials have 

harvested tremendous achievement
2,3

. Not only graphene, transition metal dichalcogenides 

(TMDs)
4
, hexagonal boron nitride (h-BN)

5
 and recently exfoliated phosphorene

3
 enrich the 

2D family. However, none of them exhibit the distinguished properties as graphene, such as 

high thermal conductivity, high mechanical strength, high carrier mobility and ability to 

integrate with most substrates
6
. Supporting material plays a key role for graphene properties. 

This thesis has investigated electronic properties of graphene on SCD, ND and DLC. 

 

Chapter 4 

Single crystal diamond has been used as a substrate to support monolayer CVD graphene. It 

is possible to chemically functionalise the diamond surface, and in the present case H-,F-, O-, 

and N-groups have been purposefully added prior to graphene deposition. These have been 

achieved that the electron properties of the resultant heterostructures vary strongly,and a p-

type layer with good mobility and a band gap of 0.07eV is created when H-terminated 

diamond layers are used, whilst a layer with more metallic-like character (high carrier 

density and low carrier mobility) arises when N(O)-terminations are introduced. Since it is 

relatively easy to pattern these functional groups on the diamond surface, this suggests that 

this approach may offer an exciting route to 2D device structures on single layer graphene 

sheets. 
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Chapter 5 

Owing to the high-frequency graphene transistors on diamond-like (DLC) carbon application, 

DLC attracts attention to support graphene compared to SiO2 substrates. Different terminated 

DLC has been found to change electronic properties: nitrogen terminations enable to lead to 

optical band gap shrink; fluorine banding groups have been presented to reduce DLC‘s 

surface energy and friction coefficients. CVD monolayer graphene was transferred to DLC, 

N terminated DLC, and F terminated DLC. AFM, Raman and XPS analysis shows that 

different support addition groups affect graphene heterostructures‘ electronic properties. 

GFDLC sample revealed higher mobility (twice than mobility of GDLC); whilst GNDLC 

sample gave lower mobility but higher carrier density. This is possible to offer better 2D 

device applications. 

 

Chapter 6 

Here we propose a cost-effective substrate, H-terminated Nanodiamond, for tuning the 

electronic properties of graphene for the application in Field-Effect Transistor (FET). A 

systematic analysis and comparisons reveal that H-treatment of the surfaces plays an 

essential role in tuning the graphene properties. Hall effect measurements show that 

graphene on H-terminated nanodiamond has improved the mobility by 60% compared with 

traditional SiO2 substrate and even has comparable results with single crystal diamond (SCD) 

at room temperature. Moreover, this prominent mobility can be sustained by increasing the 

temperature, due to monolayer nanodiamond‘s higher carrier density and lower sheet 

resistance, which phenomenon dismisses in SCD. The optimized heterstructure has been 

designed into Field-Effect Transistor (FET), and its performance is consistent with our 

analysis. The study provides a new economical and effective way to commercialize carbon-

based technology. 
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Chapter 7 

We have investigated the electronic properties of G@SCD(100)/(111) based on experiments 

and density functional theory. Hydrogen bonds between diamond and graphene play a 

remarkable role for the properties of these heterostructure. G and 2D peaks of the 

heterostructures are shift due to the disorders and doping.  From low temperature and UV-vis 

experimental methods, a small band gap is opened on G@SCD heterostructure, while the 

band gap for G@HSCD(100) is bigger than its of G@HSCD(111), which is proved by 

simulation study. In simulation, the band-gaps of the Gr@HSCD(100) and the 

Gr@HSCD(111) are 35 meV and 20 meV, respectively.The hybrid structures induce a finite 

gap which is larger than kBT for G@SCD(100), indicating the achievable current on/off ratio 

is larger than that of the freestanding graphene. 

 

By supporting graphene on diamond and DLC, we have shown that the mobility of graphene 

can be improved compared with graphene on the SiO2 /Si substrate. Different terminated 

SCD, NDs and DLC substrates are scientifically investigated for the first time. To sum up, 

NDs is the best supporting substrates for graphene compared with SCD and DLC, which 

gives the best graphene mobility and offers a low cost sp
2
 on sp

3
 technology. A novel 

graphene FET was fabricated on H-terminated monolayer nanodiamond substrates. Future 

work on this heterstructure project will involve the structure simulation analysis to 

understand the interaction between hybrid layers for graphene with NDs and DLC. Owing to 

the induced band gap for graphene on SCD, a graphene switching FET could be fabricated 

for high frequency digital applications.  
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SCD: Single crystal diamond 
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GHND: Graphene on hydrogen terminated nanodiamond 

GHSCD: Graphene on hydrogen terminated singly crystal diamond 

GND: Graphene on nanodiamond 

GSCD: Graphene on single crystal diamond 

 


